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ABSTRACT 


Title of Thesis: Multi-color Thotometry of Supergiants and Cepheids 
Thomas Kelsall, Doctor of Philosophy ^ 1971 

Thesis directed by: Roger A. Bell^' Associate Professor of Astronomy 

The results of photometry of supergiants and cepheids in a seven 
filter system are presented. A color index is used in combination with 
other colors to produce four indices freed from the effects of inter- 
stellar reddening. These four indices give measiores of the Balmer 
discontinuity, effects of the metallic line absorption in the violet 
region of the spectra, break in the spectrum across the G-band, and 
the strength of the cyanogen hand head at 4216^. 

The separation of supergiants from stars of other luminosity 
classes is possible. This is performed by a non-linear mapping of the 
colors onto an M^,logT^ H-R diagram. 

Population discrimination for cepheids appears impossible from a 
study of the colors. However, it is shown that the values of various 
color-color loop areas can be used to distinguish cepheids of Pop. I 
and Pop. II. This procedure is superior as it is independent of 
interstellar reddening. 

The Balmer discontinuity index for supergiants and cepheids is 
insensitive to the effects of line blanketing. We speculate that this 
will allow for a precise calibration in terms of gravity. The strengths 
Of the metallic line absorption and CH absorption are strongly corre- 
lated. 

Ho obvious correlation is found between galactic position and 



and. chemical composition^ as indicated from the strength of the metallic 
line ind.ex. 
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CHAPTER I 


INTRODUCTION 


1 - 1 . Preamble 

The study of cepheids starts with the visual recognition of the 
variability of 6 Cep by Goodricke in IT^^j and. continues through the - 
present day. The data is of great usefulness^ and. is applied to a 
variety of problems - determination of galactic structure, con^ositional 
discrimination between galactic systems, evaluation of the extra- 
galactic distance scale, verification of evolutionary stellar models, 
etcetera. In this introductory chapter no attempt is made to summarize 
all the available data and their interpretations. We limit ourselves 
to an abbreviated discussion of a selected set of facts, observational 
and theoretical, representative of our knowledge; and, to a statement 
of this investigation's goals. A more complete picture of cepheid 
research is given in the works of Aller ( 1954 ), Christy (1966a, I968), 
Kraft (i960, 1965, 1965), Ledoux and Walraven (1958), Payne -Gaposchkin 
(1954), Rosseland- (1954), and Zhevakin ( 1963 ). 

1 - 2 . Theoretical Work and Its Motivational Basis 

We begin with a review of cepheid theory, as it gives us an under- 
standing of the type of stars involved and introduces concepts utilized 
in the interpretation of the raw observational data. 

As is characteristic of astronomy the first attempts to explain 
variable star phenomena were geometric in structure. A main contender 
was the binary star hypothesis . However, by the I92O ' s the body of 
observational data could not be explained by a single, encompassing, 
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goemetric theory. A correct theory niast explain the following:.. 

(a) the nearly linea-r relationship "between absolute magnitude 
and the log of the period; 

(h) the Doppler shifting of the spectral lines with phase; 

(c) the mirror image in time and structure of the light and 
velocity curves (maximum light at minimum recessional 
velocity, and the converse); 

(d) in the mean a smooth progression of light curve forms 
with period; 

(e) the time invariance of the periods; 

(f) the phase-dependent changes in the spectrum, which closely 
mimic at each phase a class of sharp-line, non-variable 
stars (the pseudo -cephe ids which we refer to today as 
supergiants ) ; 

(g) the correlation of light amplitude with period; 

(h) the strong, linear correlation between light and velocity 
amplitudes; 

(i) the restriction of the cephelds to a narrow region in 
the H-R diagram. 

On the basis of these data the main theoretical thrust was directed 
toward a pulsational solution. "With the strengthening of the concept 
that stars doubtless possess spherical symmetry, the main emphasis was 
directed toward pure radial pulsational theories. !Phe major credit in 
promulgating these ideas must be given to Eddington. 

On relatively simple arguments we can relate the expected periods 
of pulsating stars with their internal structure. The period should be 
related to a characteristic length, the diameter of the star, and the 
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•bime needed for a compresslonal wave to traverse that distance — 

P Of 2R/Vj (1-1) 

where P is the period^ R the radius^ and v a mean soimd velocity in the 
star. In the quasi-static, adiabatic limit we have — 

V = V^^Tp ^ . (1-2) 

where y is the ratio of specific heats, p is the pressure, and P the 
gas density. For an equilibrium, gaseous sphere with zero pressure at 
the surface, so surface integrals vanish, the virial theorem gives for 
the potential energy — 

-W = 5|p<3-V = 5j(p/p)dm = 3 (v^/Y)dm 

■J «J J 

or 

-W ~ 3 v^M/y ■ (1-5) 

where M is the mass of the star. From simple potential theory we have — 

-W = 5GM^/((5-n) = kGM^/R , (1-4) 

where n is the polytropic index, and G the constant of gravity. Using 
Eqs. (1-3) and (l-4) in Eq. (l-l) gives — 

P cc 2/(3 /yG)V(iA)*R^^^"^^^ • ( 1-5) 

As k increases with the degree of central concentration, Eq. (I-5) 
predicts that P decreases for a fixed M and R. Substituting the 
equality — 


M = 4ttR®PqP/5P0 
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in Eg.. (l“5) 'We develop the well-known period density relationship -- 

P/(p/Pq) ^ 2/(5/vk)//(4-nGP(^5) = Q . (1-6) 

The constant Q is often referred to as the pulsation constant. With 
Pq equal to I .5 gr/cm^, n equal to 3 (P^/P = 55 ) ^ and y equal to 5 / 3 , 
we find Q = 0.039* This value is very close to results front the most 
sophisticated calculations for the cepheids. 

Dimensional arguments, while powerful in their ability to illuminate 
basic physical relationships, are incapable of demonstrating the 
dynamical causes of pulsation. The demand of the dynamics for a periodic 
solution is shown by a crude first order theory as applied to a homo- 
geneous star. For any point r in the star undergoing small, radially 
synchronous pulsations, Wewton's equation of motion is — 

r = -g - p“^dp/dr , (I- 7 ) 

g being the instantaneous value of the gravitational acceleration. 
Expanding r about its equilibrium value (r^), recognizing the assumed 
homogeneous configuration, and assuming adiabatic pulsations so p p"^ 
we have — 


r = r^{l+6(t)) 

g = gQ(l+6)“^ ~ g^(l- 26 ) 

P = P^(l+6)“^ ~ Pq(1-36) 
p = p^(l+6)"®^ ~ P^^(1-5 y6), 
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where 6(t) is a time -dependent fnnction. Substituting in Eq.. (1-7), 
and dropping terms of order 6^ and higher gives — 

6 + CgQ(3Y-^)/3:'^^]S = 0 
or 

6 + K5 = O , ' (1-8) 

where use is made of the equilibrium relation — 

dp /dr^ =-g p 
■^o o o o 

The general solution to Eg. (l-8) is of the periodic form — 

i/k*t , -i/k*t 
ae + be , 

but considering only real displacements we can write — 

6 = const .*s in (yk*t) = const .*sin(2TTt/P) . 

Here P, the period of the oscillations, is given by — 

P = [3V(GPq(3y~^))]^ , (i-9) 

as Sq/^q - • In this case, an evaluation gives a Q of the order 

of 0.10. A more rigorous analysis using for the star model a polytrope 
of Index 3 gives a value for Q of 0.059* 

A multiplicity of investigations of adiabatic pulsations was 
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performed from 1874 (the time of Ritter's original suggestion that 
gaseous spheres might he pulsationally unstable) up through the early 
1950's. A classic and virtually terminal discussion along these lines 
is well represented hy Epstein's work (1950). Epstein incorporated a 
number of features into his models corresponding to the increased 
awareness of the physical characteristics of giant stars. The models 
possess large radii and luminositi‘es_, and high central temperatures and 
degrees of central concentration. In addition, distinct from the older 
models, the chemical composition more nearly approximates present day 
estimates for the mass fractions of hydrogen, helium, and the heavy 
elements • The investigation shows heyond doubt that only the external 
portions of the star are effective in governing the basic form of the 
pulsations. The pulsational amplitudes are virtually zero at the center, 
and largest at r ~ R. As the stars are of a centrally condensed type, 
the mass involved in the larger amplitude excursions is one-tenth or 
less of the total mass of the star. For a wide range of reasonable 
physical parameters the pulsational constant, Q, is nearly invariant, 
and of value 0.055 i 0.005* ibe ratio of first harmonic period to the 
fundamental period is 0 . 69 ^ 121 good agreement with the existing data. 

A salient feature of Epstein's work, and all prior investigations, 
is its inability to account for the persistence of the pulsations. 

That the escapement mechanism is the variation of nuclear energy re- 
lease is untenable because of the non-participation of the central 
regions in the oscillations. Damping times are so precipitously short, 
amounting to hundreds of years, the possibility of ever observing a 
variable star is excluded. And all these calculations fail in explain- 
ing the "cepheid phase lag", the occurrence of light maximum a quarter 
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of a period after minimum radius . 

What motivated theorists to continue their labors, as the returns 
■while exciting were meager? To be sure, geometric model solutions to 
the problem could in no way account for the list of observational 
characteristics, hut neither could the preliminary theoretical pulsa- 
tional models* The impetus to continue -was the fruitful observational 
search for corroborative evidence of the pulsational hypothesis. 

One of the most compelling pieces of direct evidence for pulsations 
is the observational verification of the P/p = Q relation. The in- 
gredients needed are the masses, radii, and periods of the stars. We 
can determine the masses and radii by using the relations — 

(r/Rq)^ = (L/Lq)(T^^T^)^ 

to give 

p/p^ = m/m^(r/e^)2 , 

•where the constant b in the mass -luminosity equation is usually taken 
to be near zero (see, for example, Payne -Gaposchkln and Gaposchkin 
(1938))* fhe values of T^ and L are observables, although some as- 
sumptions are required to obtain them from the raw observational data. 
From the determined values of P and P we find a Q of approximately O.O9 
for the cepheids, and a wide variety of other variables. While this 
value is in disagreement with most theoretical determinations, it is 
noted that the discrepancy can easily result from minor errors in the 
values assigned to T^, and less critically, to the luminosity. 



8 

Baade (1926) proposed a “best of the pulsational hypothesis using 
color j light, and velocity measures, From the color ohservations it is 
possible to obtain bolometric corrections (EC's) and effective temper- 
atures. Prom the measured visual light magnitudes (m) at any two 
phase points the ratio of the radii at the two points is given by — 

B2/R1 = Anti-log( (mitBCi-m2-BC2-10*log(T /T ))/ 5 )» (l-lO) 

Prom the velocity curve, assuming the star to be a radial pulsator, 
we have -- 

02 

R2/R1 = (Ri+^Ri2 )/Ri = [Ri + dj (v^-v^)d 0 ]/Ei , ( 1 - 11 ) 

01 

where d is the limb -darkening correction term (usually taken as 2 k/ 2 -j)j 

and v^, v^ are the observed and the average observed radial velocities, 

respectively. Using Ri as the unit of length, the results from Eqs. 

(l-lO) and (l-ir) are comparable, and if equal, the idea of radial 

pulsation is supported. !Ehe first attempts were Inconclusive, and 

the realization grew that the primary difficulty resides in the 

evaluations of the BC's and T 's. Wesselink ( 1946 ) modified Baade’s 

© 

method by pointing out that if the two phase points are points of 
equal color, which are assumed to represent points c£ equal temperatures, 
the difference in light can be attributed purely to radius variations. 
Under this assumption Eqs. (l-lO) and (l-ll) are combined to give — 

02 

(mi-m2) = 2,17*td (v^-v^)d0]/R 

01 
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Am = 2.17*AD/(R/d) . (l-12) 

Wesselink's forinalation gives, with few exceptions, excellent con- 
firmatory results. For illustration, the application to 6 Cep is 
shown in Fig. 1.1. From the slope of the curve, and with d = 2hl±T, 
the mean radius of 6 Cep is found equal to thirty-nine solar radii. 

Schwarzschild (1958) argued that a strenuous test of the pulsation 
hypothesis would he the demonstration that the light curve can he 
directly predicted from a knowledge of the velocity curve. His 
derivation of the test is not amenable to simplified presentation. 
Suffice it to say that starting from the fundamental equation — 

L = -(l6nr^aT^/3Hp )dT/dr , 

and using the equation of motion to give the density variations in 
terms of the radius variations, we are able to find an expression 
relating the luminosity l(0), in units of L, to quantities derivable 
from the velocity curve - f, r, and r-r. Ihe final expression contains 
three free parameters, which fortunately can he specified with reason- 
able precision by recourse to simple physical arguments. The ap- 
plication of this method to 6 Cep is sho\m in Fig. 1.2. The observed 
and predicted curves are in excellent agreement. 

In 1919 Shapley and Nicholson (1919) argued that an unambiguous 
test of pulsation would be found in observations showing a tight 
relationship between line asymmetries and Doppler velocities. The 
definitive application of the idea was delayed for thirty-three years. 
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but finally given in the excellent vorh of van Hoof and Deurinck (1952). 

They devised^ from a reduction of high dispersion (2.9 A/mm) spectra of 

H Aql_, two independent tests from studying two separate sub-groups of the 

weak Fe I lines. Th e first test is the consideration of the weak Fe I 

lines lying on the linear portion of the curve of growth. At each phase 

o o 

pointy seven weakj narrow lines in the range 4576 A to 45o7 A are re~ 
duced, normalized^ and averaged. The averaging procedure greatly 
reduces measxirement errors. On visual inspection alone the correspond- 
ence between predictions - blue excess on expansion, red on contraction 
- and observations is good. Detailed calculations, which incorporate 
the effects of the pulsation hypothesis, strengthen the impression of an 
agreement to present the fact of agreement. In addition the line, shapes 
for equal but opposite velocities are mirror images of one another. 
Illustrative results are shown in Fig. 1.5- As a check, a repeat of the 
above is performed on the Fe I lines situated on the horizontal portion 
of the curve of growth. In this case, profile averaging is impossible, 
so lines must be considered individually. The results are as satisfac- 
tory as in the first test . 

As the observations inexorably point to the correcteness of the pul- 
sational hypothesis, the theories must be deficient in some essential 
ingredient. A physical process that is, as Eddington (l950) said, "fan- 
tastic in an ordinary engine but not necessarily so in a star". The 
resolution came through the works of Zhevakin (see Zhevakin (1965) for a 
comprehensive review), and Cox and Whitney (I958) who found that the 
necessary destabilization results from the conversion of thermal energy 
into mechanical energy in the surface ionization zones of hydrogen and 
helium (10^ < T < 10® °K) . 

In the main body of a star (T 5^ 10^ °K) the opacity obeys a 
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Kramer's type law — 


H = HoP T 


where ~ +1 and 0 ~ -5*5 • Upon compression the temperature rises^ 
the opacity decreases, and heat energy leaks out. This loss of heat 
on compression reduces the pressure during the expansion stage, and 
subsequently damps out the pulsation - a mechanism referred to as 
"radiative damping". The process in the hydrogen and helium ionization 


zones is most different, as the contribution of these zones to the 
pulsations is to balance the negative dissipation of the deeper adia- 
batic layers. The valving action of the ionization zones results from 
two distinct processes. Compressional heating goes not into the 
raising of the temperature but into the ionization of the medium. 

Thus, these regions are cooler than their surroundings and can absorb 
heat. ®iis process is signaled by a decrease in the ratio of the 
specific heats (y and is called the "gamma effect". It might 

better be called the"c^ effect", as it is the increased heat capacity 
of the ionization regions that aid in the driving. The or gamma 
effect is most pronoimced in the second helium ionization zone, and is 
unimportant in the hydrogen ionization zone, which is closer to the 
surface, thinner, and contains appreciably less mass. In addition, 
on compression the opacity increases, o and & are both positive , and 
energy is stored up in these zones. This is called the "kappa effect". 


Both the gamma and kappa effects work in unison to increase the pressure 
upon subsequent expansion, and thus help maintain the pulsations. The 
relative dissipative effects of the deep adiabatic layers and the outer 
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ioniza'bion zones, for a parijiculax model taken from Christy ( 1968 ), 
shown in Fig. 1.4. 

The complete set of equations, in Lagrangian form and standard 
notation, governing the pulsations are 


equation of motion: d^r/St^ = -GM^/r^ - (4TTr^)dp/dM^ (l- 13 ) 
continuity equation: dr/dlVI^ = 1/(4ttt^p) (1-14) 
radiative diffusion: = -(64TT^acr^T^/3H)9T/aM^ (. 1 - 15 ) 
energy equation: = (P/p^)dP/dT - dE/dt (l“l6) 
equation of state: P = kPT/uH + aT^3 (l-l?) 
internal energy/gram: E = 3kT/2|J>H + axVP + Ij (I- 18 ) 


where I is the ionization energy. The subsidiary relation giving kappa 
as a function of p,T and composition is usually in the form of a table. 
It is in^ortant to note that while the equations are coupled, the first 
two are related to the mechanical features and the second two to the 
thermal features of the stellar configuration. In the energy equation 
the nuclear energy generation is not Included, because all studies 
show the region of interest is only the outer envelope (t < 10® °K). 

The complement to the radiative transport equation, the convective 
transport equation, is not shown. The question of the inclusion .of 
time dependent convection is most complex, and an adequate prescription 
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is yet to "be formulated. A recent attempt is that by Unno (1967)* A 
normal set of surface boundary conditions are — 


= M; P = 0 ; d(T-)/dT = tV^ ^ 

vhere T is the optical depth (dr = -xdly^/^Tir^) and the constant A is 
usually taken to be 2/3 so the temperature distribution satisfies 
Eddington's gray atmosphere approximation. The interior boundary is 
defined by -- 

T = constant (~ 10 ® °K) or = constant 0.5M) : 3 r/dt = Oj L = , 

where Lq is the luminosity emanating from the interior. 

The methods of abstracting information from Eq,s. (I-I3) through 
(I-I6) are referred to in the literature by a useful, descriptive 
nomenclature. The names, major features, and a particular modern study 
of these procedures are as follows; 

(a) Linear, adiabatic - The structure eq.uations are linearized 
(r(t) = ro(l+ 5 r(t)), etc.), the ones describing the thermal 
properties are eliminated by imposing the adiabatic condition 
P O' p and a sliigle second-order differential equation 
developed for the pulsations - Epstein (I950); 

(b) Linear, quasi -adiabatic - The same as in (a), except that 
the adiabatic solutions are used to estimate the non- 
adiahatic effects hy substituting into the thermal 
equations - Baker and Kippehhahn (1965); 



(c) Linear j non-adlabatic !Ehe four linearized structure 
equations are solved in tbeir entirety - Cox (l963)j 

(d) Fullji non-adiabatic - The structure egua-tions are attacked 
without approximation ~ Christy (1964). 

A full review of all the theoretical work is not feasible. ¥e limit 
our discussion below to a single, current, comprehensive investigation. 

Recently, Stobie ( 1969 a, b, c), in a series of beautifully pre- 
sented papers, has studied the effects of variations in the five prime 
parameters - mass, luminosity, effective temperature, helium content 
(y), and heavy metal content (z) - on theoretical cepheld models, The 
parameter list really contains only four, as the effects of Z variations 
are minor, and any reasonable (0.02 < Z < 0.06) value is adequate to 
the discussion. [Che calculations include radiation pressure and the 
three ionization zones of hydrogen and helium, but neglect convective 
transport. The ommission of convection restricts commentary to the 
high and mid-T^ region of the cepheid instability strip in the H-R 
diagram. There are seven observational controls imposed on the 
theoretical models — 

(a) location of the strip's high boundary; 

(b) position of the strip in the M^, (B-V) diagram; 

(c) form of the M^-logP relation; 

(d) dependence of the velocity amplitude with period; 

(e) correlation of (B-V) with period; 

(f) location of secondary bumps on the light curves; 

(G-) occurence of the famous cepheid phase lag. 

The choice of the basic parameters in ref. ( 1969 b) is taken from 
evolutionary model calculations. For this choice the cepheid model 
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results disagree -with the ohservational data^ and no adjustment of the 
parameters, -within the frame -work of the evolutionary calculations, 
can achieve consistency. However, the results can be made compatible 
with the observations by increasing the light to mass ratio. In ref. 
( 1969 c) a reduction of approximately two in mass from the evolutionary 
calculations is made, and the effects on the cepheid models analyzed. 

The mass is the most likely candidate for change as it is the one 
parameter not accessible to obse3~vational evaluation. The results of 
the new study are most encouraging. 

The controls sensitive to Y - the strip's high-T^ boxuadary, its 

overall location in the M^, (B-V) diagram and the positioning of the 

egual-period lines, M^-logP relation (mainly the zero point), and the 

(B-v)-logP correlation - all indicate a Y of approximately 0.i}5. In 

fact, the comparison between the theory and the oh serrations is improved 

for a Y of 0.45 the M^-logP case, if use is made of Geyer's ( 1970 ) 

recent re-evaluation of the zero point. Stobie compared his results 

with Kraft's older M^-logP relation. The location of the secondary 

d d 

bump is fine - bump on the descending portion for 7 < P < 10 , at 
light maximum for P ~ 10^, and on the ascending part of the light 
curve for P > 10^. The velocity ampli-tudes ^d their inter-relation- 
ship with period is improved. The famous cepheid phase lag test is 
inconclusive. This feature is the most difficult to match theoretically, 
but the situation is satisfactory. 

This reduction in mass from that expected from evolutionary 
calculations has also been noted by Christy (l966h), who studied 
pulsational models for 6 Cep and 11 Aql. He could get good agreement 
with the observations only for masses ~ 2 times smaller than those 
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predicted from evolutionary models . Ifhe justification for this mass 
reduction is usually made hy invoking mass loss during a star's 
evolution. But is this absolutely essential? Vie note that even for 
the sun the effects of line absorption translate into an equivalent 
reduction in g of approximately thirty percent in the cool photosphere, 
as has been calculated for the Fe II ions by Lambert (1968). In the 
cepheid ionization zones the temperature is appreciably higher, the 
upper atomic levels of hydrogen and helium are populated, and resulting 
line absorption may easily account for some of the needed reduction in 
g. Obviously, this effect is restricted to the outer layers as it is 
negligible in the deeper, hotter, adiabatic regions . It should also 
be noted that part of the difficulty may arise from errors in the 
opacities used in the model calculations. 

1-5 • Basic Cepheid Parameters from Observations 

We understand a group of variable stars if we can interpret 
observational measures to give us period, luminosity, radius, mass, 
composition, and evolutionary status. In this section we describe the 
evaluations of these prime characteristics, along with some derived 
inter-relationships . We discuss the pure photometric obseivations in 

1-k. 

The periods of well observed cepheids are specified to a remark- 
able precision, seven to nine significant figures. This stems from 
the long time of study as compared to the characteristic pulsatlonal 
periods - e.g., eighty years as compared to ten days. As is usual we 
define the period as the time between sucessive light maxima. If we 
let T be the time of maximum light (Julian days). To be an arbitrary 
time of initial maximum. Pi be a first approximation to the period. 
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then a predicted time of tnaximum after M cycles is — 


T = To + • 


A study of the residuals ^ “ ^cal^ 

us all the data necessary for correcting P 3 .. 


as a function of time gives 
In practice this procedure 


is sufficient for a majority of the cepheids . For a small number^ a 


better fit to the time of maxima is -- 


T = To + Px*N + , 

so 

^ = Vl ■ ^ ^ * 

Again a study of the residuals allow for the evaluation of the constants 
Pi and a. In the main a is very small (~ 1^0 x 10 ®) . ¥e note that 
neither of the above representations is a physical statement, they are 
just convenient fitting expressions. However, a secular term is 
reasonable. The cepheid phenomena is an evolutionary stage of a 
short-lived massive star. The evolutionary studies indicate a star 
traverses the instability strip in lO"^ to 10 '^ years, depending on the 
star's mass (k- to ^ ‘ I^ing the traversal the period varies by 

approximately a third. Thus, detectable secular changes in the period 
of the order of seconds per year are to be expected. 

A most striking cepheid relationship is the correlation between 
luminosity and period, the period- luminosity (P-L) law. This was first 
noted by MLss Leavitt around the the turn of the century in her study 
of cepheids in the Small Magellanic Cloud (SMC). The P-L relation for 
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almost any magnitude - photovieual^ pliotograplaic, the Bj V magnitudes 
of the UBV system^ etc. - is of the form — 


in = a + b*logP , 


(1-19) 


for a -wide range in logP. The -magnitude m is most often taken as the 
magnitude of the intergrated mean intensity. Uon-linear logP terms 
in Eg. (l~19) should be small. We can demonstrate this by a crude 
calculation. We assume that in the mean a cepheld can be represented 
by a black -body at a particular temperature cepbeids of 

longer period are in the mean cooler, decreasing logT^^ is equivalent, 

‘ in a rough sense, to increasing logP. We calculate for values of logT^^ 
the bolometric, B, and V magnitudes. Wow physically Eq. (l~19) 
probably best represents the variation of with period. If such 

is the case and the B luminosity is a constant fraction of the holo- 
metric luminosity for all logT^^ (logP), then the B magnitude -would 
also vary linearly with logP. Por pure black-bodies this is an im- 
possibility, The true change of the B magnitude with logTj^^, assuming 
= const. logTj^^, is shown in upper left panel of Pig. I .5 as the 
solid line, with arbitrary normalization so the dashed line, and 

the B curves are equal at T = 7 OOO In the lower left panel of 

Fig. 1.5 the results for V are sho-wn. The prediction from' this siiiple 
calculation is that there should he a discernible downward t-urn at low 
logT^^ (large logP) values. This is in good agreement with the photo- 
metric P-L relations for V and B determined from a combined study of 
cepbeids in our galajcy, SMC, IMG, M51, and NGC 6822 by Sandage and 
Tammami (1968). Sandage -Tammann results are sho-vm in the right panels 
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of Fig. 1.5, where the dashed line represents the straight line which 
passes through the greatest segment of the respective P-L curves. 

The usefulness of the P-L relation is contingent upon precise 
evaluations of the zero pointy and slopes, h^ in Eq. (I-I9). The 
paucity of absolute magnitudes^ in any photometric system^ for cepheids 
in our galaxy precludes the simltaneous deteriDination of these 
constants. The usual assumption has been that the slope can be taken 
from the extensive observations of cepheids in the SMC. This ad hoc 
assumption is now reasonably well 'supported by the observational 
(^andage and Ta mm ann I968) and theoretical (stobie 1969b) results. 
Thoiigh the observational results are still a little unsettled, es- 
pecially fox Y, as can be seen in Table 1.1. 

Some of the deviation in the slope determinations results from 
the small samples, the assumed form of internal absorption corrections 
in the SMC, and the intrinsic difficulties working with faint stars. 

But the major problem is probably the presently impossible task of 
selecting a homogeneous and representative sampling of cepheids - i.e., 
cepheids which are chemically similar, pulsating in the same mode or 
combination of modes, and axe non-binaries. This problem is most 
likely illustrated by the differing results found by the Gaposchkin's 
(1966) when they separately analyzed cepheids with maxima preceding 
the minima by 0.3F (= ® - 0) and less, and cepheids with o - 0 > 0.5 
(solutions =^2 and #3 in their Table 9)* 

Once the slope of the P-L relation is known the galactic cepheids 
can be employed in two methods to give the zero point. The first and 
older method is through the study of the proper motions and radial 
velocities. A recent investigation is by Geyer (19T0). Geyer first 
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analyzed the proper motions of one hundred and eighteen cepheids, 
broken up into five distance groupings. From each grouping the solar 
motion, S^Cpm), is found. The analysis incorporates into its stincture 
a distance scale determined by an as sumed value of the zero point. As 
a second step the solar motion is evaluated from the radial velocities, 
S^(RV), a procedure vhich is distance scale independent. If the 
distance scales based on the assumed zero point value, in finding S^(PM) 
is correct, the S^(PM) should equal S^(RV) . If the equality is not 
found, the distance scale must he corrected by- the factor S^(EM)/s^CRY) 

= 1 , or equivalently a correction made to the zero point of 51ogl- 

A second method, by Kraft (see Kraft (I960) and references there- 
in) , is constructed frcaa UBV data on the five cepheids in five dif- 
ferent galactic clusters . Assioming chemical homogeneity the main- 
sequences of the clusters are fitted to the Hyades standard, thus 
giving the clusters' (B-V) reddening excesses. Assuming a ratio for 
the total to selective absorption, we find the distance moduli. These 
data give directly the absolute magnitudes for the associated cepheids. 
On the further assumption that the slope of the mean P-L relation is 
the same as for cepheids in the SMC the zero point is easily evaluated 
from the data on the five cluster cepheids to give the P-L relation -- 

= - 1.67 - 2 . 5 ^*logP . 

V I 

Geyer would modify the zero point to - 1 , 88 . 

A variation on the use of the cluster cepheids in our galaxy is 
that employed by Sandage and Tammann (1968) , Their analysis is not 
governed by considering Eq. (1-I9) as being fundamental. They determine 
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a test mean P-L relation for cepheids 'in our and other galaxies, using 
the cluster cepheids in our galaxy as a control on the distance moduli 
of the external galaxies. The control procedure is to adjust the 
moduli until the scatter in the P-1 diagram shows no systematic dif- 
ferences relative to the cluster cepheids . Their results have already 
been presented in the right panels of Fig. 1.5« 

A third, and rather novel, approach is that taken by Fernie (1964, 
1965, 1967c). Starting with the prime equation — 

Ad * Adg - - lOlogT^ + lOlogT^^ , 

he' introduces observable quantities through a series of substitutions. 
These substitutions are as follows: 

(1) logTg = -0.168*(B-V) + 5.87 

and 

^01 = \ " 0‘56*(b-v) - 0.09 , 

which are derived from a combination of spectrophotometry and a study 
of model atmospheres (Oke 1961) j 

(2) logCE/E^) = 0.558*logP + 1.260 , 

a result of studying the radii derived from use of vresselink's method 
(Fernie 1968b ) j 
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and 


( 5 ) 0 ? = 5800 °K 


= 4™72 




the solar constants (Allen I 963 ) • Using these secondary relations 
in -the expression for li gives -- 


= - 2.56 + 2.01|.*(b-V) - 2.79^1ogP . (1-2D) 

However, the observations indicate a SV/S(B-V) which is color dependent, 
and of value 2-79 ~ 1.55*(B-V). Using this as the coefficient for 
(B-V) in the above gives — 

= - 2.56 -i- 2.79^(B-V) - - 2.79^1ogP . ('1-21) 

Applying Eq. (l-2l) to the eight cepheids with well determined M^'s in 
binaries, associations, and clusters it is found that the average 
residual is not zero. However, minor improvements in the coefficients 
of Eq. (l”2l) can be made to force the average residual to zero. The 
final period-luminosity- color (P-L-C) equation is -- 

= - 2.55 + 2. 75* (B-V) - 1 . 60 * (B-V) ^ - 2.85*logP . (1-22) 

Pernie makes a series of secondary checks on Eq. (I- 22 ) and finds it is 
in excellent agreement with observations. To reduce Eq. (l-22) to a 
simple P-L relation we use the correlation -- 
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(B-V) = 0.24 + 0'.49*logP , 


so Eq. (1-22) becomes -- 

= -1.99 - i.89*logP - 0.38*(logP)2. (1-25) 

Geyer's investigation indicates a small change in the zero point to 
-2.05 is needed.. The non-linearity in Eq. (I-25) is obvious, but is 
it real? In form it produces a curvature opposite from our simple 
blade-body analog to the cepheids, and it is in disagreement with the 
results of Bandage and Tammann (I968). It does agree with the results 
of Payne -Gaposchkin and Gaposchkin (I966). However, Bandage and 
Tammann consider the Gaposehklns ' results to be vitiated by their over 
correcting for internal reddening in the SMC. A final resolution will 
have to await the time when the number of cepheids with good M^'s and 
intrinsic colors is sufficient to calculate from them alone the form 
of the P-L-C and P-L relations, 

A resume of the evaluations is shown in columns two, three, 
and four of Table 1.2. 

A major source of information on radii is from the application of 
¥esselink's method. The method is not without difficulties, 'and some- 
times gives startling and ambiguous answers . The procedure rests on 
two suppositions that are not necessarily met in every case. The first 
assumption is that points of equal color are identical to points of 
equal temperature. But this is refuted by the observation that color- 
color plots in any photometric system are not lines, but loops. It is 
incumbent on us to make a most judicious choice of color. Invariably, 
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in the UBV system the color (B-Y) is the one chosen, as all observa- 
tional data indicate this to be better than (U-b) as an index of 
temperature. A second assumption is that the relative separation of 
the photosphere and the line -forming reversing layer remains constant 
during the pulsation. Abt (1959^) considers this condition is satisfied 
only if the pulsational expansion is twenty to hundred times the 
atmospheric scale height, an expected situation for the bulk of the 
classical cepheids. However, Christy (1968) finds from his non-linear 
model representation for P Dor that the motion of the photospheric 
layers is approximately ten percent less than for the line forming 
region. This differential motion requires the Wesselink radius be 
reduced by ten percent. A third obstacle in utilization is observa- 
tional, as the radial velocity and photometric observation are almost 
inevitably performed at different epochs, and by different observers. 
This difficulty is surmountable only if the velocity and photometric 
results can be matched in phase to within 0?01, otherwise the radius 
determinations are severely degraded (Fernie and Hube 1967 )* Overall 
the expected accuracy of Wesselink radii is of the order of ten to. 
fifteen percent. 

As stressed by Reddish (1955)^ ^ fundamental relation should 
exist between period and radius. Fernie (1964, 19^5 ^ 1968 b) has 
analyzed the set of best determined radii and finds a strong correlation 
between period and radius (this relation was used above in deriving 
Eq. (1-20)) -- 

log(R/RQ) = 0 . 558 *logP + 1.260 . (1-24) 
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Tlie dispersion about this linear relation is markedly larger for a 
fraction (l/^) of the cepheids than ‘would be exjiected on any set of 
reasonable premises. Femie then makes the ad hoc ass-umption that the 
stars -with large deviations - T\ Aql, W Sgr, g Dor, X Cyg - are pulsating 
in other than the fundamental mode, and adjusts their periods by 
dividing by O.7I, the ratio of the first overtone to the fundamental. 

For one star, U Car, the adjustment is made assuming the star is 
pulsating in the third overtone. This process greatly reduces the 
scatter, but -whether any legerdemain of this nature is a valid indicator 
of overtone pulsation is, we believe, debatable. In fact, in one in- 
stance, for p Dor, the situation is ambiguous. Femie gives a value of 

79 K . Christy (1968) using recent data finds a radius of 69 which 
o w 

he further reduces by ten percent as mentioned above, to give a final 
value of 62 R^. Evading the issue -whether the ten percent reduction is 
applicable to all cepheids with periods near ten days, Christy *s evalua- 
tion are bo-bh very close to the value of 65 Rq predicted by Fernle's 
P-R relation (Eq. Cl- 2 ^j-)). 

A period-radius relation can be derived reasoning as Fernie did in 
creating his P-L relation. From the usual expression for have 

the instantaneous relation — 

5 *logCR/R^) - lO^logT^ + Const. ^ tl- 25 ) 


into which we substitute 

M, , = M + a - 5 ^(B-V) + a 

DOl V 3. ' £ 

and 

logT = b + b 

Si 2 • 
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Averaging over a pulsational cycle gives -- 

5*<log(K/Bo)> = -<M^> - (ai+10bi)*<B-V) + (Const^-aa-lOba) • (l- 26 ) 

Assuming an ensemble average is obtained upon substituting the mean 
relations 


<M^> = ci*logP + ca 


and 


<B-V)= di^logP + da ^ 


we have 

5*<log(R/RQ) )=(-Ci-aj^di-10bidi)*logP + (Const .^^-aa-lOba-Ca-aida-lObida) . 

(1-27) 


Accepting Sandage and Tammann's expressions for sind logT^^ cor- 

recting their Eq. ( 7 ) for (b) - (v) by 0.02 to make it correspond more 
closely to (B-V) (Kraft I 961 ). and linearizing their (m^) - logP 
ridge line ( = -1*50 - 2-75*logP) we find upon substituting into 
Eq. ( 1 - 27 ) that — 


<log(R/RQ)> = 0.655*logP + 1.131 . ( 1 - 28 ) 

Investigators often give rather small error estimates for their values 
of the coefficients ai^ etc.; but a comparison of results between 

equally competent researchers reveals that systematic errors can be 
larger than the quoted internal errors. It is expected that the mean 
errors of the constants in Eq. (1-28) can easily be of the order of 
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±0.1. A comparison between Eqs. tl-2h-) and (l-28) is shown in colimins 
five and six of Table lo2„ 

The masses of the cepheids can be inferred from the pulsational 
equation — 


PV^p/Pq) = . 

Christy’s ( 1968 ) theoretical resxilts indicate that a reasonable ex- 
pression for Q is of the form — 

Q = a*(m/m^)~^(r/r^)^ . Cl-^) 

Substituting Eq. (I- 29 ) into the pulsational equation, and letting 
logCn/R^) = a^^logP + a^ gives -- 

log(M/M^) = (7/5^tai - V5)*logP + ll3*s,2 + k/^J-ogk . (l-30) 

We note that Eq. (l-jo) predicts a decrease in mass ■v?ith_period for all 
a^ less than h/"[ (o.57P)° accept Fernie’s P-R relation, we would 

have this result; and the same would occur whether Q is a pure constant, 
or obeys the observational relationship mth period as determined by 
Kraft ( 1963 ) [logQ ~ 0.1*logP + Const.]. To circumvent this difficulty, 
and as the radius results are comparable to those found by Fernie, we use 
Eq. ( 1 - 28 ) for the variation for logR with logP, To fix the constant A 
in Eq, (l-29) we take Q = 0.0^2 at a period of two days, forcing agree- 
ment with the observed ratio (Oosterhoff 1964, Leotta-Janin I 967 ) of first 
overtone to fundamental (Pi/P^ = O. 71 ) for short period cepheids. 
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The final expression for log(M/MQ) is — 

iog(M/%) = 0.i95*iogP + 0.570 . (1-51) 

An alternative estimation procedure is to make use of the mass- 
luminosity relationship. For the zero-age-main sequence "we have, from 
the work of Kelsall and -Strorogren (1966), for a composition appropriate 
for young Pop. I stars (X = O.6O, Y = 0.36, Z = 0.04) — 


= 3.53 - 8.il-4^1og(M/Mj^) . 

Assuming the cepheids lie one magnitude above their initial ZAMS 
position, and using the appropriate subsidiary equations from Sandage 
and Tammann we find the above equation results in the relation - — 

log(M/]\^) = 0.544*logP + 0.475 . (1-32) 

A comparison of the mass estimates derived from the equations 
developed here, the evolutionary calculations of Ihen (1965, 1966a,h, c) 
and the pulsational calculations for a helium content of 0.45 "by 
Stohie (1969c) is shown in columns seven through ten of Table 1.2. 

On the whole the discrepancies at any period are tolerable, never ex- 
ceeding forty one percent. 

The more direct method of mass determination from the study of 
binary motions can not presently be carried out for cepheids. 

Thiessen (1956) interpreted the 27 day variation in the light of the 
A5 supergiant BM Gas as arising from a cepheid companion. Under this 

j 
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assuraption the cepheid mass >rould be approximately twenty three times 
that of the sun. The data is scant, and the analysis therefore of 
doubtful quality. For those cepheids with distinquishahle physical 
companions (6 Cep (Fernie 1966a, Worley I966, Vitrichenko and Tsarevskii 
1969), Of UMi (Fernie 1966b), ^ Car (Fernie 1967b)) the separations are 
so great that the orbital periods are too long to be useful in mass 
determinations. There is the exciting double cepheid CE Cas a and 
CE Cas b in the galactic cluster NGG 7790 « Both are cepheids with the 
nearly equal pulsational periods of ^.Ik (a) and 4 .i {-7 (b). But here 
the orbital period is minimally hundred thousand years. An analysis 
by Sandage and Tammann (I969) incorporating a study of the stars ' 
magnitudes and colors, and a comparison with evolutionary tracks, is 
only capable of indicating a mass ratio - = I.OO7. 

However, the observational determination of cepheid masses looks 
promising. Lloyd Evans (1968) has recently re-evaluated the frequency 
of spectroscopic binaries among classical cepheids. The study makes 
use of the variability of the radial velocity, and the verified cor- 
relation between photometric anomalies and binary occurrence, Lloyd 
Evans finds that at least fifteen percent of all cepheids are spectro- 
scopic binaries. This estimate is almost an order of magnitude larger 
than that suggested by Abt ( 1959 a) in an earlier discussion. 

To capitalize on this situation will require a substantial amount 
of observational work, T^ro new techniques can be of great aid. 

Griffin (1967, I969) has constructed a photoelectric radial -velocity 
spectrometer capable of determining six to eight velocity measures per 
hour, with a precision of approximately one kilometer per second. This 
tremendous enhancement of the data gathering rate is such as to make a 
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large, systematic program feasible. In addition, it may be possible to 
rise above the statistical limitation of spectroscopic binaiy mass 
analysis by the use of space -scanning photometers (Rakos 1965, Franz 
1966)- With a scanning photometer we could detect close, faint binaries 
■which are "lost" in more conventional procedures due to the intrinsic 
brightness of the cepheids. 

The growth of photographic spectroscopy, and the desire to fathom 
the complexities of cepheld behavior were coeval. Much of the spectro- 
scopic results for the cepheids was, however, of a transitory nature, 
but a significant portion of the researches were of such merit that 
they are still cited in the most current investigations. We here 
briefly review the more salient findings. For a more complete review, 
with extensive reference citations, see Kraft {196O). 

Radial velocities have been determined by workers since the ’ 1890 ' s. 
Large, ambitious, and precise programs have been carried out by men 
such as Joy, Jacobsen, Sanford, and Stibbs (see Lloyd Evans (I968) for 
detailed references). At present there is data for some two hundred 
cepheids of all types. There is a strong linear correlation between 
light and velocity amplitude up to a velocity amplitude of 50 km/sec 
and light amplitude of ~ l’?^, after this point the velocity amplitude 
increases more slowly with the light amplitude (maxiimim light 
amplitude is ~ 2 ? 0 ). The velocity and light curves are virtual ■ mirror 
images of one another, with maximum velocity at minimum light, etcetera. 
Though there does appear a systematic phase lag in the velocity of 
~ 0?1 with respect to the light variations. The radial velocity data 
in conjunction with photometry allows for the determination of radii, 
as we have seen above. A second major use of the velocity data is the 
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detection of companions. 

At classification dispersions (~ 100 A/mmj the spectra of eepheids 
very closely resembles that of their non-variable counterparts, the 
supergiants. This feature is agreed upon by even the most astute ob- 
servers. At light maximum the eepheids, independent of period, are 
equivalent to F5 - f 8 lb stars. Anomalies are noticeable, particularly 
in stars with periods greater than five days, in that the hydrogen 
lines are conspicuously stronger than expected from the estimate of 
the spectral type from the metal lines. There is also a slight en- 
hancement in the Ti II and Fe II lines. At light minimum the spectral 
types go toward the later types smoothly with period. 

High dispersion (2 - 20 A/mm) work gives much data on line shapes. 
It is found that the profiles can be accounted for by invoking the 
effects arising from the geometry of pulsation, "level effects" re- 
sulting from a velocity gradient in the atmosphere, and phase dependent 
turbulence (micro and macro) strengths. The inclusion of rotational 
effects appears unnecessary on the basis of evolutionary arguments 
(Kraft 1966 ). The model atmosphere analyses utilizing the high dis- 
persion results show that the physical parameters T , T , P and 
turbulent velocities are similar to those of supergiants at the same 
equivalent spectral type. There are two interesting transitory 
Instances during the pulsational cycle where the eepheids differ 
markedly from the supergiants. One is the peculiar doublings in the 
low excitation lines of Fe I, Tl II and H, which apparently Indicates 
that material is falling hack onto the star. Second is the anomalous 
behavior of the Ca II emission. In essence the emission is just totally 
distinct from that observed in the supergiants. This is most puzzling 
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for it is then difficult to argue for a common mode of origin^ yet 
every other indicator points to the great similarities in the atmos- 
pheric structures. As an example of the divergence, if we calculate 
the absolute magnitudes for cepheids via the Wilson-Bappu procedure 
the prediction is that the cepheids are two to three magnitudes 
brighter than is conceivable by any other mode of magnitude evaluation. 

Our more pressing interest in the elemental abundances for cepheids 
is not well satisfied by the present literature. An indirect argument 
that indicates solar or Hyades like metal abundances is the virtual 
similarity of the cepheid spectra as compared to normal supergiants. 

More substantive work during the last decade is slight. Three 
southern cepheid variables have been meticulously studied by Bell and 
Rodgers. While their analyses do incorporate the assumption of ap- 
proximate solar metal abundances, by a system of ingenious checks and 
balances they are able to insure that a systematic indication of over 
or under abimdance will be correct. For Pav, which is probably of 
old Pop. I type, they find a deficiency in [Pe/s] of -0.i|-2, and for 
elements synthesized by slow neutron capture the [s.n.c./Fe] is -1.0 
(Rodgers and Bell 1963^ 1968b). For B Dor they find no inconsistency 
with the idea of solar abundances, though the line strengths for 'Eu II 

are anomalous (Rodgers and Bell 196k) . In a first paper on t Gar they 

0 

report findiijg a lithium line at 6707 A, a "first" for cepheids. The 
strength of the line indicates a [hi] of -O.k (Rodgers and Bell 1968a), 
This implies an abbreviated extent for the photospheric convection 
layer, otheiwise the lithium would have been burned up. In a second 
paper (Bell and Rodgers 1969), heralding for them the use of computer 
synthesized spectra, they are able to determine differentially the near 
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equivalence in metal abundances for -b Car and 5 CMa, with some likeli- 
hood that -t Car possesses a higher abundance of metals, but still in 
the Byades range » Abt et al. (I 966 ) have analyzed the short period 
cepheid TV Cam. In TV Cam the metal lines appear weak. In addition, 
the star's light amplitude is large for its period. This combination 
led some to propose that if the SMC cepheids were similar to TV Cam, 
their large light amplitudes relative to their periods could be ex- 
plained on the basis of chemical anomalies. This appears to be 
incorrect from the Abt et al. work, for they find TV Cam is of normal 
metal abundance . The vreakening of the metal lines can be explained 
by a low value for the micro -turbulent velocity. However, it is 
admitted by them that the erection or rejection of an hypothesis on 
the basis of a single star is of dubious value. 

1-4. Intrinsic Colors 

The precise removal of interstellar-reddening effects is of 
paramount importance, if observed colors are to attain their maximum 
usefulness. There are numerous methods used by observers, but we here 
described briefly the four predominant procedures. 

A useful assun^tion is that a particular color for the cepheids 
is constant at maximum light, independent of period. This is reason- 
able as it reflects the observed constancy of spectral type at light 
maximum. The determination of a color excess is simply obtained from 
the observations under this assumption, if we know, either by analysis 
or substantial qualitative evidence, the value of the particular color 
at light maximum. Once a color excess is found, all other excesses 
maybe deduced if color excess ratios are known. This procedure has 
been used by Gascoigne and Eggen (195?) classical cepheids. They 



took (P-V) = 0.25 at light maximum, a value indicated by the SMC cepheids 
An Interesting study which indpendently demonstrates the reason- 
ableness of near color constancy of (P-V) at light •maxiraum is that of 
Stibbs (1955). TSie distance modulus of a cepheid is given by — 

(m-M) = 5 *log(r) + Xi*Ei(r,b) - 5 , 

where Ei is the selective absorption in the six-color system as a 
function of distance and galactic latitude, and Xi is the knoira ratio 
of total to selective absorption in the six-color system. The 
functional dependence of Ei on distance and galactic latitude can be 
found from a galactic obs eviration model ( Stibbs chose a model by 
Parenago). Given an obscuration model, we have all that is needed for 
a self-consistent, boot-strap determination of Ei« We first determine 
the distance modulus using the m from the observations and the calcu- 
lated absolute magnitude, assuming the correctness of the P-L relation. 
The second step is to guess at r, derive Ei from the obscuration model, 
and calculate an, (m-M). We compare the calculated (m- M) to the 
observational evaluation, and continue to guess at r until the two 
determinations for (m~M) sire identical. The resultant Ei is only as 
precise as the obscuration model, and the assumption that the P-L 
relation is valid, for any particular star. Once Ei is given we use 
it in the relation — 

(P-V) = (P-V)QT^g - (Xi/x)*Ex , 


where X is the ratio of total to selective extinction in the P,V system. 
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From a study of approximately thirty cepheids it is found that — 

^^■’^^max = O'lT + 0.l8*logP . 

In the range 1.2 ^ logP ^ 2.0 the above relation gives a (P-V) 
close to the obseirved SMC value of 0.25- 

A second method is that employed by Kron ( 1958 ), and Kron and 
Svolopoulos ( 1959 ) • In the six- color system (UVBGRi) the F through K5 
supergiants are dispersed in a (V-B) versus (R-I) diagram by reddening, 
which moves a star's color away from the thermal locus, as is sho^-m 
in Fig. 1.6. Breaking the stars up into subgroups the evaluation of 
an adequate mean reddening line in the diagram is possible. To fix 
the position of the thermal locus as simply the blue boundary of the 
scattered points is imprecise, as even the brightest and nearest super- 
giants are probably reddened. Kron emphasizes the idea that stars at 
the higher galactic latitudes are the least reddened, and thus a best 
choice is to position the thermal locus slightly to the blue side of 
these high latitude stars. His thermal locus is shown in Pig. 1.6 as 
the solid line. On the assumption that at each phase point a cepheid's 
colors are equivalent to those of a supergiant, the color excess at any 
phase point can be estimated. The final color excess for a cepheid is 
the average value of all excesses at a number of phase points (usually 
ten evenly spaced points are sufficient). 

A third procedure is that proposed by Kraft ( 1963 ). The combina- 
tion of r and IJBV photometry in a two step process is capable of giving 
accurate intrinsic colors for cepheids. Gamma photometry measures the 
G-band strength in a manner insensitive to the effects of reddening. 
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There is a sunooth and strong correlation he tween the T magnitude and 
the MK spectral type for supergiants. To derive an intrinsic (b-T)_, 

relationship with respect to spectral type, use is made of the 
cepheids in galactic clusters. At many phases T and (B-V) are observed. 
From a knowledge of the E„ as derived from the B stars in the 
clusters, the observed (B-V) is simply converted to (B-F)^. The . 
spectral type at each phase is assigned from the observed value of T . 

By this procedure Kraft developes a (B-V)^ versus spectral type relation. 
To determine the cepheid, or supergiant, we first assign 

a spectral type from the value of T; second, we read off the associated 
(B-V)^, and then simply take the difference between the observed (B^V) 
anr^ procedure is illustrated in Fig. 1.7- A criticism 

of Kraft’s results is that the (B-V) excesses found from the B stars in 
the clusters are not directly applicable to the cepheids. This .is_ an 
inherent problem in a broad-band system where the color excesses are 
a function of spectral type. Corrections to Kraft's work taking into 
account the variation of 'with spectral type are given by Fernie 

(1963). A additional refinement is the allowance for the variation 
of Eg_y with phase for a cepheid. This improvement has been performed 
by Kikolov (l967a-jb). In these last investigations attempts are also 
made to determine (U-E)^ for both cepheids and supergiants through a 
relationship connecting Eg_y 

A final method is one, originally proposed by Becker (1938), which 
tries to eliminate the effects of reddening by an appropriate combi- 
nation of colors. The procedure is best recognized by the construction 
of Q in Lhe UBF system -- 
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Q = (U-B) - 0.72*(B-V) , 

•where the coefficient of (B-V) is siuiply the slope of the reddening 
line in the (U-B)j (B-V) diagram. By this process Q becomes statis- 
tically independent of reddening.. Similar reddening free colors have 
been used by the Walxavens (i960) in their five -color system, and by 
Stromgren (1966) in his four-color -work. This is the method used in 
our investigation and is discussed subsequently. 

1-5 . Aims of the Investigation 

Having determined intrinsic colors in a photometric system we 
search for internal systeraatics, and for correlations with stellar 
properties. In the XBV system the internal relations linking color 
and period, and blue amplitude and position in the instability strip 
are pri'mary findings. Deviations from the mean relations are useful 
as indicators of chemical anomalies, and in detecting unseen companions. 
Using external information we are able to calibrate (b-V) with logT^, 
and form a meaningful P-L relation, so as to give us the unambiguous 
location of the cepheid strip in the H-R diagram. This information is 
of great use in creating theoretical pulsation models, and in evaluating 
the correctness of theoretical evolutionary tracks, lykich similar 
information is gathered by other broad pass-band photometric systems. 

Further ground based photometry is justified only if it is per- 
formed within the framework of a photometric system designed primarily 
to evaluate basic physical parameters in a reasonably direct manner. 

The composite photometric system of this investigation satisfies this 
prime condition. We have foxir major objectives for a further In- 
vestigation of the photometric properties of cepheids and supergiants. 
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The foiir-coior system of Stromgren (I966) allows one color, to te 
used to eliminate the effects of interstellar reddening^ and uses’ the 
remaining two color indices to give data on the strength of the Balmer 
discontinuity (gravity) and the abundance of metals. This system' is 
used here in conjunction with the three-color system of Crawford (I96I). 
Crawford's system gives two colors relevant to the study of supergiant 
and cepheid stars . The colors measure the strength of the G-hand and 
the break in the spectrum caused by the Clf band head at 4215 A. With 
this composite system we try to do the following: 

(1) Tind where the cepheids and supergiants fit in the Strbmgren 
system^ in order to complement the careful studies for 
main-sequence starsj 

(2) Ascertain whether the composite system is an adequate 
survey tool;, in the sense that it is possible to segregate 
stars, particularly supergiants, into their respective 
luminosity classes; 

(3) Determine if the strong, unexplained, correlation between 
metal, and C and W abundances for main sequence stars as 
found by van den Bergh and Sackmann (1965) is also 
evidenced in supergiants and cepheids; 

( 4 ) Use the Strbmgren metal index to investigate variations 
in relative metal abundances in cepheids and supergiant, s 
as a fimction of galactic location. 

The complete satisfaction of the first point is not possible » The 
colors of this investigation are neither identical to or transformable 
to the standard Strbmgren system. However, the range in the Balmer 
and metal indices for the stars studied are far larger than the 
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deviations between our systems at any fixed color^ or spectral type. 
Thus, the difficulty is of little importance for delineating gross 
features and in the interpretation of the indices, but it is bother- 
some when conparing minor details. 

Relevant to the last objective, Conti and Deutsch (I966, I967) 
raise the issue that differences of Stromgren's metal index between 
similar stars do not necessarily arise solely from relative metal 
abundance differences. Their objection is that the differences can 
arise from variations in the micro -turbulent velocities. This point 
is critical, for if true it vitiates the use of the metal index. The 
micro -turbulent velocities for the supergiants are appreciable, have 
strengths correlated with spectral type, possess a substantial dis- 
persion at any one spectral type, and vary in a quasi -periodic manner 
for any one star (Rosendhal 1970). The micro -turbulent velocities are 
phase dependent for the cepheids. Stromgren points out that even if 
the Conti and Deutsch proposition is true, the trouble can be un- 
important if the micro -turbulence is not an independent parameter. 

The problem is addressed in a quantitative manner in the studies by 
Barry (I967), McETamara (I967), Kraft et al. (1968), and Chaffee (I97O) 
for main-sequence stars. Odieir sum opinion refutes, except in a few 
cases, the Conti and Deutsch hypothesis. As Rosendahl (1970) finds 
much qualitative similarity in his rough model of micro -turbulent 
motion in supergiants as compared to Chaffee's for main-sequence stars, 
we are encouraged to believe that use of Stromgren's metal index is 
viable . 

The body of this study is broken up into six self-contained 
chapters . In Chapter II we discuss the characteristics of the filters 
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aad -the method of data gathering. Chapter III is devoted to the data 
reduction process. Particular eurphasis is placed on the method of. the 
meshing of the various observational runs, which were carried o,ut over 
a period of two and one-half years. The reduction procedure is de- 
signed to give the best possible results for the standard st£irs. The 
standard star results are graphed to show the difficulty of any 
transformations between the obseiwational system and the standerd • 
Stromgren system. 

Chapter IV gives the primary results for the supergiants stars 
in terms of colors freed from the effects of inter-stellar reddening. 

In addition, the color excess for each star is determined by reference 
to a simple linear thermal locus in a particular color-color diagram. 
Some comments are made on the difficulty of the physical interpretation 
of the colors on the Crawford photometric system. 

A major aim of this investigation Is the possibility of separating 
the supergiant stars from those of other luminosity classes. This 
problem is attacked in Chapter V. The mean color curves for luminosity 
classes V thro'ugh I are developed. The data on the supergiants come 
from this investigation alone. Data on the other luminosity classes 
are implemented hy transformation of data from the work of other 
investigators. A study of various color-color curves indicate that 
precise separation of I-II stars is impossible. However, we find that 
a mapping of the mean color curves over into a H-R diagram gives . some 
improvement in luminosity class discrimination. This mapping is cal- 
led the 'supercolor' method. 

The basic cepheid results are presented in Chapter VI. Uew' 
periods are determined from analysis of published V data in combination 



•with o-ur visual magnitude results. The periods for five of the program 
cepheids have discernahly varied from the values listed in the 
General Catalog of Variable Stars (Kukarkin et al._, 1958). Ihe 
cepheid colors are sho;-/!! to be similar to those for the supergiants. 

A new and novel population discriminant is found through a study of 
selected color-color loop areas. This discriminant has the advantage 
of being unaffected by interstellar absorption. Color excesses are 
determined from an analysis of the location of the color-color loops 
in a G^(b-y) diagram relative to a simple linear thermal locus. This 
thermal locus is virtually identical to that found independently for 
the supergiants. The correlation bet-ween Stromgren's (b-y) color and 
(B-V) , is linear, and indicates that effective temperatures can be "well 
determined. 

Chapter VII concludes the presentation with interpretations re- 
lying on the combination of supergiant and cepheid data- The super - 
color method is re-introduced and applied to the data of individual 
stars. The method is found to locate the average position of a cepheid 
in the vicinity of the instability strip, and to separate approximately 
two-thirds of supergiants from all other classes of stars. The correla- 
tion het'ween metallic and CN absorption is pronounced. The value of 
the Balmer discontinuity index is shO'wn to be Insensitive to the ef- 
fects of line blanketing. ITo clear correlation between galactic 
location and chemical composition is shown by the supergiants or 


cepheids . 
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TABLE 1.1 

SmPE OP am P-L EEIATION FOR SMC CEPHBIDS. 

Source V B 

Arp (1961) -2.1f7 -2.23 

Kron & Gascoigne (1965) -2*95 

Payne “Gasposchkin & Gasposchkin (1966) -2.13 

4 - 

Sandage & Tamnann (1968) -2.73 -2.40 

i 

Slope of the straight line which test fits the P~L 
ridge line data given in their Table Al. 



TABLE 1.2 


PHYSICAL PROPERTIES OF CLASSICAL CEPHEIDS. 



— 

M 

V 

— 

r/r 

0 

— 

M/M^ 




Sandage & 



Eq. 

Bq. 

Eq. 

Iben 

Stohie 

Period 

i 

Kraft 

Tananann^ 

Fernie 

Fernie 

(1-28) 

(1-31) 

(1-52) 


(1=0.45) 

2" 

-2.6k- 

- 2^37 

- 2“65 

27 

21 

4.2 

5.8 

4.3 

5.2 

5 

-3 ’66 

-3.38 

-3.56 

45 

59 

5.1 

3.1 

5.6 

4.6 

10 

-it.. 42 

- 4.20 

-4.32 

66 

. 61 

5.8 

6.4 

7.0 

5-4 

20 

-5.18 

-5.06 

-3.13 

97 

96 

6.7 

8.1 

8.6 

6.1 

50 

-6.20 

-6.22 

- 6.36 

161 

175 

8.0 

11. 

11. 

7.8 


^with zero corrected according to Geyer (197O). 
^from their Table A 1 (Sandage and Taiiiniann 1968). 
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Fig. 1.2. Comparison of the observed and computed light curves 
for 5 Cep. 
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Fig. 1.5. Observed and computed line profiles for veeik Fe I 
lines in T] Aql. 



Mr — ^ 

Fig. l.if. Contribution of various regions in a star to the 
maintenance of pulsation. 
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. Location of the F, G- and K supergiants and the cepheid 
S Sge in a six-color (V-b),(R-i) diagram. 



Fig. 1.6 







CHAPTER II 


THE OBSERVATIONS 


2-1. The Filters 

The observational system contains seven filters. Four are similar 
to those forming the Strtimgren uvby photometric system. These include 
an ultra-violet glass filter (u) , and three - violet (v) , blue (b) , and 
yellow (y) - interference filters. The remaining three filters are those 
of Crawford's photometric system. These last filters (A, B, and C) are 
narrow pass-band interference filters, all located within the short wave- 

O O 

length base of 200 A extent centered about 4275 A. 

The transmission characteristics of the filters were measured twice 
during the period of the observations. The measurements were taken in 
June 1964 and November 1966 on the Cary spectrometer at the Kitt Peak 
National Observatory (KPNO) office in Tucson, Arizona, The two trans- 
mission scans indicate no evidence of aging effects, which sometimes are 
bothersome when dealing with interference filters. The transmission 
curves for the seven filters are shown in Fig. 2.1. The figures show 
only the regions where the transmission is measurable, but the full scan 

O O 

for each filter covers the range from 3000 A to 7500 A to make sure there 
exist no red leaks, etcetera. Pertinent filter characteristics are pre- 
sented in Table 2.1. 

The uvby filters, KPNO uvby set #2, are not those used by StrBmgren, 
KPNO uvby set #1, in defining his photometric system. In fact, they are 
not even 'duplicates' in the sense of being ordered from the initial 
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source to the original specifications. They are close facsimiles pro- 
duced by Baird- Atomic , Inc. of Cambridge, Massachusetts. In Table 2.2 
the two sets of uvby filters are compared. The b filter is the most dif- 
ferent, but it is the differences in the v filter which, as we shall see 
in section 3.4, cause the two uvby systems to be linked by non-linear 
transformations . 

2-2. Equipment and Data Gathering 

The observations were carried out over a period of approKimately two 
and a half years, starting in June of 1964. The dates of the individual 
observational runs and other related information is compiled in Table 2.3. 
All the observations were made at the Kitt Peak installation of the KPNO. 

Two different sixteen inch telescopes were used. Both instruments 
are off-axis mounted, possess Cassegrain optical systems, and are manu- 
factured by Boiler and Chivens. They are scaled down versions^tof the #1 
thirty six inch and the eighty two inch Kitt Peak telescopes, *with focal 
ratios of 13.5 ^an'd 7.6, respectively. 

The optical arrangement of the single-channel photometers. Is' of a 
standard format - focal plane diaphragm, movable beam- interceptor mirror 
with its associated small angle microscope, field lens, filter .bolt, 
fuzed quartz window, and photomultiplier in a dry ice, refrigerated box 

' j 

(see Johnson (1962), Fig. 1, for the standard instrument arrangement). 

The focal plane diaphragms were selected each night on the basis of 
seeing conditions. It was sometimes necessary, if the seeing improved 
or deteriorated, to change the diaphragm during the course of a night. 

As the star fields are not dense the changing of the diaphragm size had 
no detectable effects, except on the magnitude of the sky readings. The 
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majority of the observations were made with a diaphragm diameter of 
approximately fifteen seconds of arc, with an occasional use of dia- 
phragms of eight or thirty seconds of arc diameter. 

The detectors used were RCA 1P21 photomultipliers, cooled with dry 
ice. The dry ice was packed into the refrigeration box at least two 
hours before the beginning of each night’s run, and replenished through- 
out the night as needed. The tubes were operated at a x^orking voltage 
of nine hundred volts. 

The constant-amplified photomultiplier output is accumulated for a 
preset time interval by a discretized, variable-gain, integrator module, 
and the resultant value of the integrated charge on an RC circuit is 
recorded on a standard twelve inch Honeywell strip chart recorder. The 
gain steps on the integrator module are in units of 0.500 magnitudes, 
with a total range of 10 magnitudes. Response settings are designated 
Al, A2, . . . ,A6;B1, . . . . ,B6; Cl,... ,,C6; D1,....,D6. The response at A6 is 
approximately equal to that at Bl, etc.. The gain calibration of the 
integrator module consists of determining the difference in the response 
at A6 as compared to that at Bl, at B6 compared to Cl, and at C6 as com- 
pared to Dl. This is easily implemented, and was done tx-rice during each 
observational run and average values of the gain calibration used in the 
reduction of that run. 

The observation of a star was executed in the following manner: 

integrated star readings (ten seconds) of filters y, b, v, u. A, B, C; 

sky readings on C, B, A; hour angle and MST noted on the chart; sky read- 

\ 

ings on u, v, b, y; star readings of y, b, v, u, A, B, C. For bright 
stars the sky readings are eliminated. For faint stars double-symmetric 

readings for each filter are made. The gain step for each filter is 
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chosen so that the height of the chart response is greater than, or equal 
to sixty percent of the maximum reading possible on the chart. The sky 
readings were taken at a single gain setting ten times more sensitive 
then the most sensitive filter gain setting, or at the maximum possible 
gain (D6) when this ten times ratio was impossible. This procedure in 
effect reduces the chart reading errors (±0.1%) in the sky deflections by 
a factor of ten relative to chart reading errors in star deflections, and 
thus are more appropriate to the level of the sky contribution. The 
larger sky deflections also aid in detecting instances when a faint star 
has been inadvertently positioned in the diaphragm. It is also easier to 
discern from the. telescope anomalous behavior in the sky deflections. 

A cleaned up replica of an observation of a single star is .shown in 
Fig. 2.2. 

A total of 1619 observations were made, of which 701, 303, and 615 
are on standard, ordinary, and variable stars, respectively. The average 
number of star and sky deflections per observation are 16.2 and 3.7, 
respectively. This number of deflections indicates that the telescope 
was devoted exclusively to observations approximately forty percent of 
each night. The remainder of the time was spent in choosing the next 
star to be observed, locating and centering the star in the diaphragm, 
annotating the strip chart, etc.. The reduction procedure is discussed 


in the next chapter. 
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(CABLE 2.1 


TRAHSMISSIOH 

USED 

CHARACTERISTICS OF THE FILTERS 
IH THIS IHVESTIGATIOH. 

Half Power Full Power 

Filter 

<X> 

Mi d-wavelength 

Half -width 

y 

5i)-93A 

5492R 

II8A 

t 

4700 

4700 

48 

Y 

4108 

4106 

71 

U 

3455 

3435 

192 

A 

4577 

4375 

40 

B 

4279 

‘ 4277 

43 

C 

4166 

4165 

27 



3hr 


TABIE 2.2 

4 

COMPAEISOW OF TBE TRAUSMISSION CHARACTERISTICS 
OF uvbjr FILTER SETS NO. 1 AND NO. 2. 


Filter 

Peak 

■Wavelength of 

Half-trans. 

Central 

Full Trans. 

Set 

Trans. 

Peak Trans . 

Points 

Wavelength 

Half-mdth 



— 

Y Filter 



1 

52 ^ 

5521S 

5555 . 5598S 

5476S 

243S 

2 

72 


5378. 5612 

5495 

234 



— 

b Filter 



1 

h-1 

4668 

4588, 4762 

4675 

174 

2 

85 

4700 

4655 -. 4745 

4700 

90 



— 

V Filter — 



1 

k6 

4094 

4007j 4205 

4106 

198 

2 

6o 

4110 

4058, 4169 

4104 

151 



— 

u Filter 



1 

k-k 

5455 

5267. 5647 

5457 

380 

2 

57 

5451 

5267, 5641 

5454 

574 



a^ABLS 2.5 


SUMMARY 01’ GHE OBSERVATIONAL RUNS AT KITT PEAK mTIOKAL OBSERVATORY. 


Observation Dates 



J\me ' 6 k 


Dec. '64 

Peb. '65 






6/5-15 

Oct. ' 6 k 

Jan . ' 65 

Mar . ' 65 

Oct. '65 

Feb. *66 

Nov. '66 



6/18-21 

10/17-26 

12/29-1/10 

2/26-5/7 

10/12-22 

2/17-26 

11/2-16 

Totals 

Total Nights 
in Run 

17 

10 

15 

10 

11 

10 

15 

86 

Expected Useful 
Nights 

12 

7 

6 

6 

8 

6 

9 

54 

Useful Nights 

12 

6% 

0 

7i 

6 

5l 

6 

45i 

Useful/Total 

0.71 

0.65 

0.00 

0.75 

0.54 

0.55 

0.40 

0.51 



PERCENT TRANSMISSION 




•4000 ■ 4100 ■ "4200 4300 
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Fig. 2,1. Transmission scans for the filters used in this investigation. 
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CHAPTER III, 


THE STANDARD SYSTEM 
3-1. Photometric Quantities 

Initially, we hoped to reduce our data making direct use of the uvby 
standards listed in the StrBmgren-Perry catalog (1962) , and in the supple- 
mental standard star data lists prepared by KPNO. For the ABC system it 
is necessary to construct a standard system, as no standard values have 
been published by Crawford. However, after a preliminary reduction of 
the first observational results (June 1964) it became obvious that the 
uvby data gathered using the four-color filter set #2 is not directly com- 
parable with the StrBmgren system as defined by the Str^mgren-rPerry 
catalog. The transformations connecting the observational system to the 
StrBmgren system are non-linear, of high dispersion, and strongly (b-y)- 
color dependent. These difficulties preclude the usefulness of the 
StrBmgren system's results in the data reduction, and demand that the ob- 
servational system be totally self-contained. 

We need a reduction procedure which incorporates the disj ointed ob- 
servation runs into a coherent body of observational quantities. To 
accomplish this a variety of schemes were tried, all of which produce 
observational systems which agree within the determined mean error of a 
single observation for any specified color. The two-stage, bootstrap 
process described below is the one that produces the smallest error per 
observation for every color. 
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The obsenzational quantities are the following: 

y - a photovisual magnitude determined totally by the response 
of the y filter. It is adjusted so as to agree in the 
mean with the V given in the Yale Bright Star (YBS) catalog 
(1964). 

- a color index created from the difference of two colors, 

= (u-v) (v-b). The value of c-j^ is strongly corre- 

lated to the strength of the Balmer discontinuity. 
m]_ - a color index which measures the effects of metal line 
absorption in the violet band as compared to the essen- 
tially metal clear regions in the blue and yellow bands. 

The index is formed by the difference (v-b) - (b-y) . 
b-y - a blue minus yellow color, similar to (B-V) , which is rela- 
tively insensitive to metal content. 

G - a color formed from (B-A.) , which measures the break in the 
spectrum across the G-band. 

N - the color defined by (C-B) , which detects the break in the 

O 

^ spectrum arising from the CN-band head at 4216 A. 

3-2. Basic Processing Procedure 

Prior to discussing the overall reduction procedure, we describe the 
mechanism of reducing the data for a single star, and the reduction of 
all the star data on a single night. 

For a single star the individual filter intensity readings are trans- 
formed to a common gain setting (Al) via the gain calibration of the 
integrator module. This is also done for the sky deflections. The sky 
deflections are then subtracted from the appropriate filter deflections. 
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For example, the raw data depicted in Fig. 2,2 give the following sky- 
corrected filter deflections - 2 for y, v, and b; 4 for u; 2 for A and 
B; and 4 for C. Each of these deflections are converted into magnitudes, 
and the filter magnitudes are averaged. The magnitudes are averaged as 
the major source of the differences in the deflections for a single 
filter result from variations in the optical depth of the atmosphere. 

These optical depth variations are reflected as linear perturbations in 
the magnitudes, this is not true for the deflections. The average magni- 
tudes are utilized in forming the desired photometric quantities. These 
quantities are corrected to' zero air mass in the manner described below. 

To reduce a night's data the first step is the formation of single 
star data in the manner outlined above. After all star colors are re- 
duced to zero air mass the individual differences between the calculated 
colors and the standard colors are determined. These differences* are 
averaged to produce the commonly-called night corrections. StrHmgren 
and KPNO observers find it is often possible to detect a time variation 
in the night corrections. These variations can be quite discontinuous. 

For example, it might be better to use one set of night corrections for 
all observations between 8 PM and 1 AM, and another set from 1 AM to da^ra,. 
We find no obvious time discontinuities in the night corrections, probably 
a result of using a minimum number of standard star observations per night. 
For each night we use only a single, gross set of night corrections. 

Once the set of night corrections are determined, all individual colors 
of the standard stars are improved by the addition of the appropriate 
night correction to the zero air mass’ color. 
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We note that in the first stage of the homogenization process the 
correction to zero air mass is performed using average extinction coeffi- 
cients, and not the extinction coefficients determined for a particular 
night. These coefficients are the averages determined from all the extinc- 
tion star observations gathered in the six runs from June 1964 to November 
1966. At a high altitude observatory with clear skies it is better to 
use average extinction coefficients. In Table 3.1 the average coeffi- 
cients are displayed. The results in row two of the table are those 
formed from the average magnitude coefficients. It is noteworthy that 
these are virtually identical to the color coefficient averages found 
from the extinction star, or the total standard star color data. This 
equivalence is a strong indicator of the stability of the absolute sensi- 
tivity in the photometric equipment, and the superb quality of the photo- 
metric nights at KPNO. The variation of the average magnitude coeffi- 
cients with wavelength is smooth, and agrees reasonably well with a Ray- 
—4 ■' 

leigh like X dependence. This is illustrated in Fig. 3.1, where a 
X ^ dependent extinction coefficient is shoxjn by the solid line (normal- 
ized to agree with the observational results at 4375 the A filter). 

O 

The large value of k at 5480 A (y) is discordant with the KPNO average 
and the Rayleigh curve. No simple explanation is possible, but it is 
true that a recent re— evaluation of k(y) by KPNO does indicate a higher 
value is more appropriate, something of the order of 0.14 to 0.16. In 
the first stage of the overall reduction the averages shoxmi in row 
three of Table 3.1 are the relevant ones. 

3-3. Construction of the Observational System^ s Standards 


To start the homogenization of the runs, a particular initial group 
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is chosen. This is found to be a non-critical choice, and the February- 
March run of 1965 was used. The nights in this run are reduced follow- 
ing the scheme given above. At the end of the run's reduction the colors 
for each star are averaged over all the nights observed. To these aver- 
ages a constant is added so that in the mean they agree with the standards 
in common with the Strbmgren uvby system, and the V system given in- the 
YES. The resulting colors and magnitude are then retained as those 
standard values which are the basis for the determination of the night 
corrections- The whole procedure is repeated, and new provisional stan- 
dard values produced. This iterative boot-strapping is ceased when the 
(n-l)-iterate' s standard values agree with the n-iterate's standard values 
to better than 0^001 in all quantities for all stars. 

The next step is to meld this run with yet another. The June 1964 
run is chosen. The average values of the February-March 1965 run are 
used in the first iteration as the standard values. At the end of the 
first iteration standard values are formed from the June 1964 stars alone. 
These are adjusted so that in the mean, as determined from stars observed 
at least three times in February-March 1965 and three times in June 1964, 
they are in agreement with the February-March 1965 run. Using these June 
1964 results as the standards the x-rhole procedure is iterated until the 
0?001 level of agreement is reached. 

At this juncture the February-March 1965 run and the June 1964 run 
standards are joined into a x^elghted standard star system, and used as 
the basis for coalescing the October 1964 run. The mean zero point ad- 
justment is made only through stars observed at least three times in 
October 1964 and three times in the combined February-March 1965 plus 
June 1964 standard star catalog. 
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The above process slowly meshes the runs in the following order: 
February- March 1965, June 1964, October 1964, October 1965, February 
1966, and November 1966- After this level of coherence is obtained, all 
the runs are processed at a single time and iterated three times to pro- 
duce a single smoothed standard star catalog. This preliminary smoothed 
total catalog of standard values differs in the mean from the six run 
merged total catalog by less than 0%01 in all quantities. 

To obtain the final standard star results the following last stage 
of the boot-strap reduction procedure is performed. The stars from all 
the runs were processed in a single group. The only distinction from the 
previous stage is that on each night both the night corrections and the 
extinction coefficients for all quantities are determined from the stan- 
dard star data. The average of these coefficients for all the nights in 
all the runs is listed in row four of Table 3.1. This total reduction 
of all the data was iterated three times to yield the final standard 
photometric quantities. The final results are presented in Table 3.2, 

3-4. Final Comments 

Some general supplemental comments are relevant. The two stage re- 
duction procedure described was written by the author in Fortran IV 
language, and run on the IBM 360/91 at GSFC, 

The probable errors for the observational quantities are listed in 
Table 3.3. It is encouraging that the accuracy attained in this study 
is comparable to that of the Str8mgren-Perry results, for in the latter 
case observational nights of dubious quality could be totally removed as 
they were working with a much more extensive set of data than in this 
investigation, where it is essential to use every bit of information 



64 


gathered. It is to be stressed that no subjective weighting factors 
were used in the reduction, and all indications are that any such manip- 
ulation are ineffective in changing the results listed in Table 3.2. 

In Figs. 3.2 through 3.5 comparisons between the observational photo- 
metric system and that of StrHmgren's uvby system, and the V system in 
the YBS are shown. The differences in the 6 versus (b-y) plots are in 
all cases formed by subtracting this investigation’s results from- those 
of the external system's. It is impossible, as has been remarked' before, 
to make transformations of high accuracy from this system to the StrBmgren 
system, except perhaps for the color (b-y) - The case of representing V 
by the y magnitude is quite satisfactory. However, there is the striking 
anomalous point for the G5 V star HR 7504. This star was observed on 
eight nights, and its value of y is 5^990 ± 0.003 pe. There is no possi- 
bility of misidentificatlon, .which leads us to the conclusion the star 
has significantly varied since the YBS catalog was compiled. The entry 
in the YBS datalog does not appear to be in error as the value of 6^2 is 
given in other contemporary sources. The average difference of (V-y) is 
-0^0094 if the non-photoelectric V observations are included (+’s in 
Fig. 3.2), and -0?0067 if only the photoelectric determinations of V are 
considered. Thus-, some improvement in making y match V could be made by 
the systematic subtraction of 0.0067. However, as this is below the 
listed accuracy of >the YBS catalog, the y results remain as machine com- 
puted throughout the discussion. 



TABLE 5.1 


THE COLOR-EXTIHCTIOH COEFFICIENTS. 


KPNO Averages Determined Using 
uvby Set No. 1 . 

Averages Developed from the 
Average Magnitude Coefficients. 

Averages Formed from the 
Extinction Star Color Data. 

Averages Formed from the Total 
Standard Star Color Data. 


k(y) 

k(c^) 

k(m^) 

k(h-y) 

k(G) 

0.12 

0.181 

0.052 

0.060 


0.161 

0.180 

0 .066 

O.O^k- 

0.020 

0.160 

0.178 

0.067 

0.052 

0.021 

0.156 

0.180 

0.067 

0.058 

0.018 


k(N) 

0.052 

0.051 

0.056 



TABLE 3o2 


HO 
571 
6961 
9826 
10476 
18331 
19373 
21 120 
26574 
270 22 
27309 
30652 
31398 
39587 
43329 


OBSERVATIONS OF THE STANDARD STARS. 






SPECTRAL 


TYPE 

Y 

Cl 

Ml 

F2II 

5.038 

1 .074 

0.138 

A7V 

4.357 

0.957 N. 

0*234 

F8V 

4. 1 10 

0. 437 

0, 158 

K1 V 

5. 239 

0.378 

0.300 

AIV 

5. 188 

1.040 

0 • 163 

GOV 

4.065 

0.41 8 

0.168 

Gain 

, 3.616 

0.472 

0.328 

F2I I I 

4.082 

0. 765 

0.249 

Gall I 

5.231 

0.443 

0.279 

A SI 

5.392 

0.521 

0.210 

F6V 

3. 193 

0. 396 

0 0 185 

K3T I 

2. 631 

0.229 

0.817 

GOV 

4. 405 

0.333 

0.178 

G8IB 

3.002* 

0.213 

0.702 


8-Y 

NO. 

OSS. 

G 

N 

NO. 

08S. 

0.269 

12 

0.001 

0.396 

10 

0.085 

10 

-0. 105 

0.352 

1 

0.348 

82 

0.079 

0 . 360 

82 

0.512 

4 

0.216 

0.385 

4 

0.054 

4 




0.385 

14 

0.108 

0.353 

14 

0.538 

3 

0.188 

0*537 

2 

0.177 

2 




D.509 

17 

0.169 

0*487 

16 

-0.092 

7 




0.287 

6 

0.039 

0.386 

6 

0.941 

1 7 

0.407 

0.814 

16 

0.378 

19 

0. 1 14 

0.357 

17 

0.855 

1 7 

0.326 

0.868 

16 


ON 

ON 



TABLE 3,2 


(CONTINUED ) 






HD 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

B-*Y 

NG, 

0B3, 

G 

N 

NO. 

OBS, 

57669 

KOI I I 

5« 220 

0, 326 

0,590 

0,771 

3 

0.297 

0,811 

3 

58715 

B7V 

2.916 

0. 7 82 

0,113 

-0.033 

1 1 




58946 

FflV 

4. 192 

0.616 

0 . 1 50 

0,216 

9 

-0.029 

0 .393 

4 

62 3 45 

G8II r 

3. 581 

0,425 

0.363 

0,575 

64 

0.213 

0,583 

58 

62721 

K5T I r 

4,853 

0, 428 

0.769 

0.689 

10 

0.424 

0,652 

9 

670 0 6 

A2V 

4. 835 

1 .'068 

0 . 174 

0.013 

5 




73262 

AOV 

4. 170 

1 • 062 

0, 17C- 

0.003 

13 




73362 

F5&A5 

4. 675 

0. 686 

0.261 

0,21 1 

5 

-0.C25 

0,432 

4 

794 39 

A5V 

4. 823 

0, 36 0 

0.210 

C.l 1 1 

5 




82885 

G8 I V-V 

5.418 

0.423 

0.241 

0,49 8 

2 

0.2 13 

0.412 

1 

83425 

K3 I I I 

4.676 

0 « 432 

0.650 

0.803 

3 

0.360 

0,631 

3 

D89464 

KO II IP 

2.019 

0.401 

0.446 

0,69 3 

4 

0.261 

0,565 

3 

913 16 

R 1 18 

3iS79 

-0,060 

0, 015 

-0,014 

4 




1 02870 

F8V 

3,60 1 

0,445 

0.160 

0,363 

1 6 

0,0 86 

0.373 

15 
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(CONTINUED) 


HD 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

B-Y 

NO. 

OBS* 

G 

N 

NO. 

OBS. 

1 03095 

G8VI 

6.442 

0.198 

0.215 

0.477 

10 

0.172 

0.339 

8 

103287 

AOV 

2.465 

I.D76 

0.163 

0 . 0 0.9 

2 




103578 

A3V 

5. 556 

1.072 

0.194 

0*059 

9 




107328 

K1 I I I 

4.979 

0.532 

0.505 

0.70 1 

3 

0.267 

0.594 

3 

1 11812 

GOI I I 

4.942 

0.442 

0.173 

0.438 

29 

0.120 

0.381 

29 

1131 39 

F2V 

4.940 

0. 565 

0. 177 

0.239 

19 

-0.011 

0.392 

8 

1 20 31 5 

B3V 

1.893 

0.279 

0.089 

-0,071 

4 




1 22563 

GOVI 

6. 222 

0.542 

0. 109 

0.629 

2 

0.120 

0,442 

2 

127762 

A7I I I 

3.0 69 

0.979 

0,204 

0.106 

5 




130109 

AOV 

3.756 

1.044 

0.153 

0.004 

17 

-0.123 

0.336 

2 

142860 

F61V-V 

3.659 

0.41 2 

0.146 

• 0.318 

17 

0.051 

0.372 

5 

1 431 07 

K3I I I 

4. 145 

0.428 

0.577 

0.745 

1 1 

0.317 

0.667 

1 1 

1 43761 

62V 

5.418 

0.373 

0. 156 

0.391 

1 1 

0.113 

0.338 

1 1 

159181 

G2I I 

2. 609 

0.451 

0.319 

0.597 

13 

0.190 

0 . 500 

> 

13 



TABLE 3.2 


(CONTINUED) 



SPECTRAL 





NO. 



NO. 

HO 

TYPE 

Y 

Cl 

MI 

8-Y 

OBSo 

G 

N 

OBS. 

1 82640 

FOI V 

3o 368 

0.710 

0.187 

0.193 

4 

-0,030 

0 .388 

2 

1 82835 

F2IB 

4.661 

1 « 465 

0.093 

0.406 

1 2 

-0 .004 

0.424 

12 

1 £5758 

GOII 

4, 397 

0.499 

0.255 

0.431 

70 

0.143 

0.481 

70 

1 86427 

G5V 

5.989 

0.401 

0.188 

0.409 

8 

0.139 

0.356 

8 

1 86791 

K3t I 

2. 708 

0.209 

0.779 

0 . 935 

1 3 

0.401 

0.790 

13 

187013 

F5V 

5.005 

0.450 

0.147 

0.311 

4 

0.029 

0.395 

4 

1 92514 

A3II I 

. 4.843 

1.283 

0*157 

0.067 

1 1 




192713 

G2I8 

5. 165 

0.31 7 

0.404 

0.631 

3 

0.193 

0.618 

3 

1 9^0 9 3 

F8IB 

\ 

2. 230 

0. 91 2 

0.317 

0 .375 

4 

0.077 

0.477 

4 

202109 

Gan 

3. 215 

0.298 

0.428 

0.602 

23 

0.217 

0.688 

23 

2 10027 

F5V 

3.772 

0.440 

0. 175 

0.234 

5 

0.028 

0*390 

5 

211335 

FOI V 

4. 198 

0.752 

0.206 

0.170 

13 

-0*053 

0*382 

9 

212943 

KOI I I 

4. 788 

0.457 

0.415 

0.634 

2 

0.244 

0.531 

2 

217014 

G5V 

5.453 

0.396 

0.2 34 

C .407 

4 

0.144 

0.388 

4 
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TABLE 5.5 

SMDAED STAE PROBABLE ERRORS. 
Quantity Kelsall Stron]gren-Rer2?y 

y 0,0070 

0.0089 0.0085 

0.0082 0.0071 

■b-y O.OOlfif 0,0057 

G 0.0055 


N 


0.0051 



MAGNITUDE EXTINCTION COEFFICIENT 
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WAVELENGTH (A) 

Pig. 5*1 Variation of the extinction coefficient with wavelength. 


The solid curve is the Eayleigh extinction curve normal- 
ized to the observations at 
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investigation. 
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CHAPTER IV 


ORDINARY STAR RESULTS 
4-1. Reduction and Results 

Once the standard system is established, data reduction is straight- 
forward. For each night the intensity readings are transformed into the 
basic photometric quantities by the procedure described in section 3-2. 

To these quantities air mass and night corrections are added. The appro- 
priate extinction coefficients and night corrections are obtained from 
the analysis of the standard star data on that night. 

Table 4.1 lists the final results for the ordinary (i.e., non- 
variable) stars in this program. The spectral types are from the compi- 
lation by Jaschek et al. (1964). A number of stars require individual 
discussion, and this specific commentary is contained in the notes ap- 
pended to the table. 

4-2. Mode of Analysis 

The maj or body of the ordinary star results is devoted tp supergiant 
stars. These stars suffer much interstellar reddening. The effects of 
the interstellar reddening on supergiants is seen as the scatter in the 
plot of cj versus (b-y) shown in Fig. 4.1. For the G and K stars there 
is a discernible envelope, which probably delineates the reddening- free, 
thermal locus. This simple pattern is immediately confused by the con- 
figuration of the interwoven A and F stars. As we shall see later, 
is a parabolic function of (b-y) , or spectral type. The question that 
must be settled is how best to eliminate the effects of reddening. 
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As mentioned in section 1“4 a standard technique used in eliminat- 
ing the reddening from a multi-color program is to plot a particular 
color— color diagram. Then from an analysis of the least reddened stars 
(near-by or high latitude stars) , and those for which the reddening is 
reasonably well-known (cluster or association members), a thermal locus 
can be determined. Once the thermal locus is known, color excesses can 
be procured for any one of the chosen colors. The deduction of all other 
color excesses is possible, if the color excess ratios are known with 
respect to one of the chosen colors. This last step requires external 
knowledge of the nature of the interstellar reddening as a function of 
wavelength, or spectral type information so reddening lines can be de- 
duced from the photometric data itself. This procedure is quite adequate, 

% 

but it does introduce a number of systematic effects which we wish to 
circumvent. Firstly, the thermal locus is a line delineating an unred- 
dened boundary presumed to be true for all stars. This assumption that 
the thermal- locus is dispersionless is not necessarily correct. Secondly, 
the shape of the thermal locus cannot be well defined unless the distri- 
bution of unreddened, or slightly reddened, stars is sufficiently dense 
along its total path in the color-color diagram. Finally, the position- 
ing of the locus is often subjective. These three effects can introduce 
hidden systematic errors in the deduced color excesses for the other 
colors . 

Another method of suppressing reddening effects is exemplified by 
the construction of Q in the DEV system. To illustrate this procedure 
we consider a system composed of the three observed quantities C]^, C 2 , 
and C 3 . Any c is a composite of Cq, the intrinsic value of c, E(c), the 
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c’s color excess, and e(c) , the observational error. We drop e(c) 
from the discussion for convenience. If the color excess ratios, 
E(c2^)/E(c 3) and E(c2)/E(c3), are known, we can construct two reddening 
free quantities. We denote these by bracketed symbols. The unreddened 
quantity associated with is — 

rc^] = - E(=^)/E(c3)*C3 

or [c^] = c^ “ ct*c^ 

As each color is equal to its intrinsic value plus the reddening excess 
we have — 

[c,] = c- - a*c_ + CE(c ) - a*E(c„)), 

•^0 0 

which reduces to — 

[c ] = c - a*c„ . 

0 -^0 

Similarly for the other color we have — 

[c ] = c - e*c , 

, 0 -^0 

.where 8 is the ratio E(c2)/E(c 2). The bracketed quantities contain the 
effects of the interstellar reddening only through the coefficients a and B- 
In the construction of the bracketed colors no reliance is made on know- 
ing the location of a thermal locus. This process sacrifices one color 
to remove the interstellar reddening effects. The desirable character- 
istics of the sacrificed color, are that it be reasonably neutral as 
an indicator of stellar physical variables, and that the needed reddening 
excess ratios be less than unity. The color (b-y) of this investigation 
satisfies these demands, being mainly determined by stellar effective 


temperature. 
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The virtues of forming the bracketed quantities are that the disper- 
sionless thermal locus is not introduced, mean lines can be determined 
statistically, and all stars regardless of their amounts of reddening can 
be included in the analysis of fundamental relationships. While it is 
difficult to argue for the overall superiority of this procedure on strong 
grounds, its intuitive neatness is very appealing. 


4-3. Color Excess Ratios 

The determination of the color excess ratios is carried out in three 
different ways - firstly, through use of the wavelength dependence of 
interstellar reddening and the filter characteristics; secondly, by an 
analysis of the cepheid colors at maximum light as functions of (b-y) ; 
and, finally, by the fitting of the bracketed quantities for the Ib 
supergiants with the color excess ratios left as free parameters. These 
three methods give rather dispersive answers, indicating the difficulty 
of obtaining good color excess ratios. Our hope is that an average of 
the results is meaningful, as the three methods are distinct, and each 
contains errors of different kinds. We discuss each of these methods in 
more detail below. 


The effective wavelength of a filter, is defined by the standard 


relation — 


= X*Fa)*T(X)*S(X)*dX / F*T*S*dX , 


where F(X) is the filter transmission, T(X) is the telescope plus photo- 
metric equipment response function, and S(X) is the stellar distribution 
function. In our case F(X) is well knot-m from the spectrometer scans. 
Using reasonable functions for T and S it is found by numerical experimen- 
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tation that ef fective'wavelength is most insensitive (±3 A) to these 
functions, except for the u filter. The difficulty with the u filter is 
that it lies in the region where the photomultiplier response is rapidly 
varying, and thus the determination of the effective wavelength is rather 
difficult as the responses of the individual tubes used are unknown. As 
a compromise we define A (u) with T and S set equal to one at all wave- 
lengths. The values of the effective wavelengths are listed in^ .Table 4.2. 
The color excess ratios are determined by coupling a knowledge of the 
effective wavelengths with the results of Nandy (1964, 1965, 1966,. 1967), 
and of Boggess and Borgman (1964) on the variation of the interstellar 
reddening with wavelength. The results of this are presented in Table 4.3. 
The large scatter in the ratios for and is disappointing. The 
scatter in the ratios for G and W are much smaller, a reflection of the 
appreciably shorter wavelength baselines for these colors. 

At maximum light the cepheids represent a class of stars of nearly 
identical spectral characteristics, independent of period. Thus, the 
scatter of cepheid colors at maximum light in any color- (b-y) diagram 
can be mainly attributed to the effects of interstellar reddening. We 
take advantage of this situation by determining the best linear relations 
between the various colors and (b-y) . Clearly, the slopes of these 
straight lines are the desired color excess ratios. The findings of 
such a study for the program cepheids are given in Table 4.4. 

A final method is to employ all the supergiant data. The procedure 
is the following. The spectral types are taken as reliable, independent 
information. This is a judicious choice as the assignment of spectral 
type has the desired advantage of being relatively unaffected by inter- 
stellar reddening. Digitizing the spectral types so AO = 0.0, A1 = 1.0, 
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K5 “ 35.0 transforms them to a numerical coordinate, X. The redden- 
ing free colors we use in the analysis are — 

[c^] = *(b-y) , 

[m^] = *<b-y) , 

[G] = G - a^*Cb-y), 

and 

[N] = K - «/Cb-y), 

where a = E(c, )/E(b-y) , etcetera. Each of the bracketed quantities are 

fitted by an eighth order power series in X, with the alphas left as free 
parameters. The dispersions about the fitting lines are investigated as 
functions of the alphas. The normalized sum of the deviations squared 
about the fitting lines are sho™ as functions of alpha in Fig 4.2. The 
graph demonstrates that for each of the bracketed colors there is a 

"best" alpha. These best alphas are indicated by arrows on .the graphs 

■* 

and are listed in Table 4.5. The broadness of the curves of normalized 
S with alpha for [c^] and [m^], and the sharpness in the curves for the 
cases of [G] and [N] are directly understandable in terms of the broadness 
and narrowness of the associated wavelength baselines. We accept these 
alphas as representative of the most appropriate statistical values for 
the color excess ratios. 

The final adopted values for the color excess ratios are the weighted 
averages of the above three sets of results. The subjective weightings 
applied are - 2 for the cepheid results, 1 for the interstellar-X^ 
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findings, and 1 for the free parameter fitting answers. These adopted 
values and those used by StrBmgren (1966) , and Williams (1966) , in their 
investigations are shown in Table 4.6. 

4-4, Bracketed Colors Versus Spectral Type 

Using the adopted color excess ratios the Ib supergiant results are 
fitted by an eighth order power series in the digitized spectral type 
coordinate, X, by the method of least squares. There are two reasons for 
using an eighth, order power series fit. First, the order introduces a 
degree of high frequency smoothing. Second, in the free parameter varia- 
tion method of section 4-3 it was found that a high order fit was needed 
to ensure a smooth relation of S with alpha, and make the best alphas 
independent of the order of the fitting series. A least squares fitting 
procedure is invalid in the strict sense, as X is both disjoint in nature 
and not error free. We use the method as a convenience. While there have 
been some attempts to formulate a meaningful method of fitting in a 
double error coordinate system, we employ the heuristic method of reversal 
for final smoothing. That is, we fit the spectral type as a function of 
the color within the workable limits FO to KO where the data is suffi- 
cient, 'and combine these results with the reversed fit, the colors as 
functions of the spectral type. The final curve for any color is the 
weighted average (W = 2 for the color as a function of spectral type, 
and W = 1 for the spectral type as a function of color) of the two results,, 
with a little assist from the scanty data for stars earlier than FO. The 
adopted relations are shown as solid lines in Fig. 4.3; the crosses are 
the fit of the color as a power series in X; the filled ellipses are the 
fit of the spectral type by a power series in the color. The rms 
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dispersions at any spectral type are 0^081, 0.06A, 0.021 and 0.030 for 
[m^], [G] and [N], respectively. 

4-5. Intrinsic Values for (b-y) and G 

The recovery of the intrinsic values for (b-y) and G as functions 
of spectral type can be made using the (B-V) color excess data from the 
UBV results. Buscombe (1964) lists in a catalog of supergiant and 
cepheid results the E(B-V)'s for seventy-two of the supergiant stars ob- 
served in this program. This data is sufficient to position a thermal 
locus in a G, (b-y) diagram. 

In Fig. 4.4 G is plotted against (b-y). The figure indicates that 
a suitable thermal locus is a straight line. But its position cannot be 
precisely specified. To locate the zero point of a straight thermal locus 
we assume that E(b-y) = 0.70*E(B-V). Such a relationship is consistent 
with our present understanding of the variation of the Interstellar ex- 
tinction with wavelength. For the seventy-two stars with known E(B-V) 

we can calculate (b-y) and G , as E(G) = 0. 105*E (B— V) . Fitting the data 

o o 

for these seventy-two stars to a linear relation gives the dashed line in 
Fig, 4.4. This line has a slope of 0.532, which is close to the value of 
0,510 found by Williams in his study of long period (P_> 10 ) cepheids . 

For the dependence of (b-y) ^ and on spectral type we process the 
reddening- free colors in a manner commonly used in nuclear physics. Re- 
garding the spectral type as a channel entry we perform a smoothing of 
the insufficient and "noisy" data by forming the averages over a number 
of channels, and position this average value at the weighted mean channel 
location. While the use of moving averages eliminates fine detail, its 
advantage is to enhance systematic trends which might otherwise be lost 
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in the bouncy data. As a check, the run of the moving averages are com- 
pared for consistency with the single channel averages where there are 
sufficient points in a single channel. In Fig. 4.5 the mean eye-fitted 
lines are shown. The triangles in the figure are single 
channel averages, while the squares are the moving averages. It is clear 
that there is no glaring inconsistency between the twn averaging processes. 
In fact, in this case the* moving averages are probably not essential to 
the discussion, but as this procedure is used later, its introduction 
here is warranted. The mean line results are not entirely in accord with 
the straight line thermal locus found in the G,(b-y) plot, as transferral 
of the separately determined (b-y)^ and G^ points onto this plot produces 
a slight bulge to the left of the straight line near KO. However, this 
discord is not significant. The point here is that adequate color ex- 
cesses are retrievable. These excesses calculated using the thermal 
locus of Fig. 4.4 are listed in the last column of Table 4.1. 

4-6 . Physical Meaning of [G] and [N] 

The physical interpretation of the photometric parameters associated 
with the StrHmgren system is well supported by the investigations of 
Str8mgren and his collaborators. Such an admirable situation does not 
exist for the case of the colors [G] and lU] . 

In a recent study of atmospheric simulation models by Bell 'and Rodgers 
(1969) it is pointed out that the Griffin and Redman (I960) photometric 
index n is a satisfactory cyanogen strength criterion. Thus, to -reduce 
the proverbial multiplicity of correlative graphs, so common to photomet- 
ric studies, we substantiate our claim that [N] is a CN strength indica- 
tor by a plot of n versus [N] in Fig. 4.6. On the whole the agreement 
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is satisfying, though the scatter is quite large. The mean n and [N] 
curves with spectral type are similar in shape, though n peaks at an 
earlier type (G8) than does [N] (KO) . 

Photometric studies of the G-band strength for supergiants are 
lacking, except for Kraft's Gamma photometry. Kraft notes that a peru- 
sal of the MK standard spectra indicates the G-band strength reaches a 
maximum in the middle G stars for luminosity class I. His Gamma photo- 
metry reproduces this characteristic quite well. The color [G] is a 
measure of the CH contribution to the G-band as shown by Bell and 
Rodgers. However, its variation with spectral type is not well corre- 
lated with the visual aspects of the spectra used as the classification 
criteria in the MK scheme. In particular, [G] has not attained a maxi- 
mum even by spectral type K5. We note, however, that the G-band 
strength is often determined from plates of. low dispersion, and the con- 
trast on these plates is muted by the spectrograph's instrumental pro- 
file and the background of weak lines. In lieu of any objective G-band 
criterion we will retain the suggestive G notation for the color, but 
stress that it probably is not an indicator of what many observers would 
call the G-band strength. 



TABLE 4. I 


OBSERVATIONS OF THE ORDINARY STARS* 


SPECTRAL • NO. NO. 


HD/3D 

TYPE 

Y 

Cl 

Ml 

B-Y 

08 S'. 

G 

N 

DBS. 

E< B-Y) 


4362 

GO IB 

6.414 

0. 502 

0.308 

0 .682 

3 

0. 198 

0.492 

3 

0.152 

HD 

6 47 4 

GO I A 

7.639 

0.647 

0.353 

r.089 

2 

0.250 

0.575 

2 

0.585 

HD 

7927 

FOIA 

4.998 

1 • 467 

0.049 

0.479 

3 

0.035 

0.391 

3 

0,299 

HD 

8906 

F3IB 

7.127 

1.294 

0. 145 

0.493 

2 

0.046 

0.423 

2 

0*289 

HD 

8992 

F6IB 

7.780 

0.970 

0.179 

0 .595 

2 

0.055 

0.512 

2 

0.406 

HO 

9022 

K3I 1 1 

,6. 899 

0.489 

0*644 

0.915 

1 

0.391 

0. 675 

1 

- 

HO 

9250 

GO IB 

7.133 

0, 632 

0.247 

0.929 

3 

0*200 

0.530 

3 

0*493 

HD 

9366 

K3IB 

6.915 

0.242 

0.804 

1.242 

2 

0*421 

0*850 

2 

0.351 

HD 

10494 

F5I A 

7.283 

1.511 

0.009 

0.870 

2 

0*087 

0.462 

2 

0.706 

HD 

11092 

K5I A88 

6.569 

0.173 

0.812 

1 .396 

1 

0*496 

0.321 

1 

0*369 

HD 

1 1 80 0 

K5I0 

7.794 

d. 292 

0.651 

1 .360 

1 

0.507 

0. 800 

1 

0,288 

BD 59 

366 

A0IB-- 

8.623 ■ 

0. 62 9 

0.047 

.0.161 

3 

- 

" 



Ho 

12014 

KOI B 

7.719 

0.279 

0.703 

1 .307 

2 

0.424 

0.373 

2 

0.433 

BD 59 

389 

FOIB 

9.048 

1.601 

-0.030 

0 .776 

1 

0.00 1 

0.417 

1 

0.800 
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(CONTINUED) 



HD/8D 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

B-Y 

NO. 
DBS • 

G 

N 

NO. 

OBS. 

E( B-Y) 

HD 

14662 

F7IB 

6,282 

0. 872 

0 . 21 1 

0.552 

3 

0.094 

0.479 

3 

0.246 

HD 

16 901 

CO I a 

5*452 

0. 624 

0.315 

0.556 

3 

Q 

o 

0.486 

3 

0,130 

HD 

17378 

ASIA 

6*251 

1 • 366 

-0 .075 

.4 

0.677 

3 

0,025 

0.422 

1 

0, 601 

HD 

17506 

K3IB 

3.771 

On 21 7 

0*789 

1 .075 

3 

0.421 

0.835 

2 

0,119 

HD 

17958 

K3I A 

6.223 

'0.145- 

0.797 

1 .379 

2 

0.491 

0.805 

2 

0. 358 

HD 

17971 

FSI A 

7.733 

1 . 385 

0.056 

0.740 

2 

0.079 

0.475 

2 

0,547 

HD 

13391 

GO I A 

6.936 

0. 531 

0.360 

1.304 

2 

0.280 

0.624 

2 

0.806 

HD 

20123 

G5I I 

5.043 

0. 431 

0.308 

0.742 

2 

0.219 

0.579 

2 

0. 183 

HO 

20902 

FSI B 

1.809 

1 » 090 

0.190 

0.304 

2 

0.0 19 

0,423 

2 

0,096 

HD 

23 230 

FSI I 

3. 793 

0. 968 

0*197 

0.266 

3 

0 . 002 

0.413 

3 

0.087 

HO 

25030 

K1 18 

So 60 5 

0. 498 

0.624 

0.945 

2 

0.392 

0.768 

1 

0.012 

HO 

25056 

GDI B 

7.049 

0.752 

0.201 

0.799 

3 

0,170 

0.474 

3 

0.391 

HO 

25305 

A2I B 

8.909 

0. 828 

0.238 

0.175 

2 





HD 

25291 

FOI I 

5.053 

1 • 459 

0.132 

0.336 

4 

-0.017 

0.406 

4 

0,235 
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HD 

/BD 

SPECTRAL 

TYPE 

Y 

Cl 

' Ml 

S 

B-Y 

NO. 

08S. 

G 

N 

NO. 

OBS. 

E(B-Y) 

hO 

26630 

GO IB 

4,1 48 

0* 566- 

0.273 

0.608 

2 

0.136 

0.503 

2 

0.162 

HO 

31 1 1 8 

K5IB 

7*087 

0.284 

0*848 

1*121 

4 

0.471 , 

0.695 

4 

0.052 

HO 

31964 

FOIAP 

3*053 

1.274 

0*061 

0.395 

5 

0.018 

0.389 

2 ' 

0.225 

HD 

31 910 

GDIS 

4*046 

0.525 

0.323 

0.548 

5 

0.166 

0.499 

4 

0.052 

HO 

33 299 

K1 IB 

6.722 

0. 348 

0.545 

1 .037 

3 

0.335 

0.823 

. 3 

0.289 

HD 

36 673 

FO IB 

2*590 

1.476 

0*193 

0.104 

2 

-0.034 

0.344 

2 

0.000 

HD 

36891 

G3IB 

6.113 

0.417 

0.365 

0.630 

3 

0.197 

0.570 

3 

0.085 

HO 

37819 

F5IB 

8*120 

D. 667 

0,238 

0.371 

2 

0.015 

0.475 

1 

0.201 

HD 

38247 

G8IAB 

6.635 

0. 215 

0.693 

1 .0 19 

3 

0.346 

0.862 

3 

0.235 

HD 

38 80 8 

G3IBI I 

7.554- 

0.453 

0 *306 

0.649 

3 

0*208 

0.536 

3 

0.081 

HD 

3941 6 

G3I8I I 

7*51 6 

0.383 

0.382 

0*650 

2 

0.183 

0.566 

2 

0.148 

HD 

39866 

A3 IB 

6*360 

1.493 

0,028 

0.257 

■ 2 





HD 

39970 

AO I A 

6.000 

0*557 

-0.042 

0.345 

2 





HD 

39949 

G2I8 

7*251 

0,531 

0.292 

0.705 

2 

0.174 

0.545 

2 

0.248 
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HD/BD 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

B-Y 

NO, 

OBS, 

G 

N 

NO* 

OBS* 

E( B-Y) 

HD 

40297 

AO IS 

7.267 

0.953 

-0.017 

0.256 

2 





HD 

4^282 

<551131 I 

7,744 

0.373 

0.444 

0*848 

2 

0,252 

0.718 

1 

0.243 

HD 

44033 

K3I8 

5.652 

0. 381 

0.870 

0*974 

2 

0.470 

0. 688 

1 

0.000 

HD 

4499C 

F7I AB 

6.066 

0.368 

0.456 

0*752 

3 

0*192 

0.625 

2 

0,266 

HD 

45829 

KOI AB 

6,661 

0,236 

0.7 14 

1 *004 

2 

0.363 

0,863 

2 

0.170 

HD 

46300 

AO IB 

4.522 

0.982 

0.085 

0.042 

4 

-0.057 

0*366 

1 


HD 

47 73 1 

G5I B 

6,442 

0. 383 

0 .430 

0.667 

3 

0,224 

0.630 

3 

0,064 

HD 

43616 

F5IB 

6.852 

1 • 039 

0.186 

0*513 

2 

0,041 

0*479 

2 

0.329 

HD 

53439 

A2IB 

6 * 242 

1. 257 

0.035 

0*240 

2 





HO 

53526 

G3IB 

5.991 

0 , 472 

0 . 380 

0,547 

2 

0,170 

0,511 

2 

0.039 

HD 

590 67 

G8IS 

5.864 

-0.004 

0.096 

0*430 

2 

0,040 

0,449 

1 

0.218 

HD 

67594 

G? IB 

4.368 

0. 413 

0.435 

0,561 

2 

0,203 

0, 546 

2 

0,000 

HD 

■71 952 

KOI V 

6.247 

0. 458 

0.391 

0,619 

4 

0,247 

0.521’ 

3 

0,000 

HD 

7430 5 

G2I B 

4.640 

0.492 

0*298 

0,507 

2 

0.132 

0.498 

1 

0.0 85 
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HD /BO 

SPECTRAL 

TYPE 

Y 

. Cl 

Ml 

CD 

■< 

NO. 
□ BS. 

G 

N 

NO. 

OBS. 

E( B-Y) 

HD 

7791 S 

G8IBI I 

4,565 

0. 387 

0.419 

0.632 

4 

0.223 

0.648 

4 

/ 

0*018 

HD 

84441 

GO I I 

2o973 

0.484 

0*268 

0*505 

4 

0.149 

0.479 

3 

0.036 

hD 

87737 

AOia • 

3.533 

0.963 

0.060 • 

0.036 

2 





HO 

96436' 

G7 

5c528 

■ 0.421 

0.339 

0.588 

5 

0.215 

0.453 

4 


HO 

1 11631 

MO. 5V 

8.472 

0.083 

,0*730 

0.813 

3 





a 

X 

128750 

K2 

5'o929 

0.41,8 

0.463 

0.671 

4 

0.265 

0.585 

4 


HD 

134083 

F5V 

4.954 

0« 455 

0.143 

0.295 

1 

0.032 

0.394 

1 


HO 

148743 

ATI B 

6,51 9 

1.539 

0.115 

0.247 

3 

-0.029 

0.391 

2 

0.142 

hO 

149757 

□9 » 5V 

2o579 

-0.081 

-0.013 

0 . 104 

1 

-0.041 

0.40 1 

1 


HD 

161796 

F3 13 

7,111 

1 . 526 

0.199 

0.287 

4 

0.041 

0.41 1 

4 

0.015 

hD 

163506 

F2J A 

5,448 

1.418 

0.119 

0.227 

2 

0.0 14 

0.407 

2 

0.003 

HD 

163800 

08 

6,985 

-0.084 

-0.038 

- 0.270 

. 1 

-0.020 

0.424 

1 


HD 

168913 

F9IB 

5,615 

0.722 

0.233 

0.136 

1 

-0,067 

0.386 

1 

0.088 

HD 

1 71 635 

•F7IB 

4.778 

0. 896 

0.272 

0.357 

2 

0,070 

0.457 

2 

0.037 


V£> 

o 
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HD/BD 

SPECTRAL 

TYPE 

Y 

Cl' 

Ml 

B-Y 

NO. 

085. 

G 

N 

NO. 

DBS. 

E< B-Y) 

HD 

172365 

F9IB 

6.362 

0.724 

0.232 

0.499 

2 

0.102 

0.463 

2 

0.149 

HD 

1 73638 

F2IB 1 1 

5.716 

1.489 

0,110 

0.404 

1 

-0.021 

0,444 

1 

0,339 

HD 

174104 

GO IB 

8« 370 

0.549 

0.204 

0*458 

1 

0.120 

0,435 

1 

0.046 

HD 

179784 

GSIB 

6.685 

0.409 

0.363 

0.921 

1 

0.273 

0.697 

1 

0.289 

HD 

1 80028 

F61B 

6.934 

0. 929 

0.147 

0.549 

1 

0.078 

0.460 

1 

0.282 

HD 

1 80583 

F6IB I £ 

6a055 

0. 814 

0.205 

0.361 

1 

0.027 

0.449 

1 

0.156 

HO 

1 82296 

G3IB 

7o023 

0.453 

0.367 

0.868 

2 

0.228 

0.708 

2 

0,334 

HD 

1 63864 

G2I3 

7.329 

0.579 

0.20 4 

0.839 

2 

0.18 1 

0.524 

2 

0,418 

HD 

187203 

GO IB 

6 . 44 5 

0.714 

0.227 

0.609 

2 

0. 152 

0.491 

2 

0.173 

HD 

187299 

G5I abb 

7.136 

0.198 

0.410 

1 oOao 

2 

0.280 

0o75l 

2 

0.494 

HD 

226223 

F6IB 

9.159 

0. 848 

0.187 

0.406 

1 

-0.010 

0.484 

1 

0.313 

HD 

190113 

G5IB 

7.839 

0.404 

O'. 438 

0.954 

1 

0.308 

0.723 

1 

0.244 

HD 

331 777 

F8I A 

7. 923 

0.970 

0,304 

0,942 

2 

0.186 

0.526 

2 

0.548 

HD 

190446 

F6IB 

8.219 

0,794 

0.202 

0.345 

2 

0.050 

0.392 

2 

0.073 


VO 

p-i 
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HD/RD 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

> 

1 

CD 

NO. 

OBS, 

G 

N 

NO a 
□ BS. 

E( B-Y) 

HD 

190323 

GO I AAB 

6*849 

0, 880 

• 0,344 

0.514 

2 

0.115 

0,518 

2 

0.138 

HD 

1 90 40 3 

G5 I B 1 1 

5.731 

0, 41 6 

0,239 

0,470 

2 

0, 175 

0,418 

2 

0,000 

HD 

191010 

G3IB 

8.171 

0, 424 

0.318 

0.623 

2 

.0.203 

0.556 

2 

0^059 

hD 

191423 

09V. 

8.060 

->0,085 

*“^,022 

0,188 

1 

-0.038 

r 

0,392 

1 


BD 

37 3Q2 7 

F3IB 

8.134 • 

1,427 

0,074 

0,649 

1 

0.059 

0,456 

1 

0.473 

HD 

192909 

K3IBII 

3.959 

-0* 242 

0,544 

0 .989 

2 

0.335 

0*618 

2 

0,222 

HD 

1 92076 

G3IB 

4,248 

0,450 

0.361 

0.672 

1 

0.194 

0,581 

1 

0*151 

HD 

193370 

F5 IB 

5.160 

1,019 

0,204 

0,413 

3 

0,054 

0.443 

3 

0,157 

HD 

1 93469 

K5I B 

6,375 

0,067 

0,656 

1 ,250 

1 

0.409 

0,715 

1 

0.393 

HD 

1 95295 

FBI 1 

4,014 

1 . 063 

0, 189 

0,250 

2 

0,010 

0,414 

2 

0.045 

HD 

195324 

Ai is 

5,864 

•1,193 • 

t*0,032 

0.384 

2 





HD 

1 95593 

F5IAB 

6,21 4 

1,106 

0.103 

0,684 

3 

0,047 

0,503 

•3 

0.551 

HD 

196093 

K2I8 

4,583 

-0, 550 

0.42 8 

1 .073 

2 

0,298 

0*640' 

2 

0,437 

HD 

1 96-725 

K3IB 

5.659 

0.2 32 

0,769 

0 .940 

2 

0,378 

0,796 

2 

0.041 



TABLE 4-. 1 


(COrv^TINUED) 


HD/80 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

B-Y 

NO. 

OBS. 

6 

N 

NOo 

OSS. 

E(B-Y) 

HO 

200 10 2 

C51 I B 

6*629 

0. 479 

0.30 1 

C .654 

2 

0.192 

0.527 

2 

0.129 

HD 

200 80 5 

F5I3 

8.312 

1.3G4 

0.162 

0.498 

2 

0.025 

0.442 

2 

0«349 

HD 

200 00 5 

K5I B 

3,683 

0.138 

0.794 

1 .026 

3 

0. 421 

0.724 

3 

0.049 

HD 

20231 4 

G2I B 

6.163 

0, 367 

CO 

• 

O 

0.699 

2 

0.242 

0*644 

2 

0 0 062 

HD 

204022 

GC I B 

7.430 

0, 609 

0.307 

0.973 

2 

0.245 

0.570 

2 

0.437 

HD 

204B67 

GO IB 

2,914 

0.572 

0.303 

0.511 

1 

0. 146 

0.498 

1 

0.052 

HD 

205349 

K1 I B 

6,229 

0.207 

0.752 

1.180 

2 

0.411 

0.883 

2 

0.290 

HD 

20631 2 

K1 I I 

7,127 

0. 387 

0.520 

0.772 

1 

0.271 

0.797 

1 

0.087 

HD 

2C 677d 

K2IB 

2.377 

0. 170 

0.823 

0.938 

2 

Oo 397 

0.807 

2 

0,000 

HD 

206859 

G51B 

4 0 336 

0,343 

0.479 

0.710 

2 

0.254 

0.708 

2 

0.047 

HD 

207089 

KOI B 

5.272 

0.250 

0.587 

0.876 

2 

0.317 

0.772 

2 

0. 1 13 

HD 

2C7260 

A2IA 

4. 265 

0.965 

-0.035 

0.426 

2 





HD 

297439 

FbIB 

7,229 

1.062 

0.177 

0.4 30 

4 

0.072 

0.456 

4 

0.160 

HD 

207647 

G4IB 

7.01 7 

0,381 

0.388 

0 .749 

2 

0.195 

0.649 

2 

0.256 
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( CONT INUED) 


HD/Bb 

SPECTRAL 

TYPE 

Y 

Cl 

Ml 

B~Y 

NO, , 
DBS. 

G 

N 

NO, 

DBS, 

E( 

B-Y) 

-HD 

207673 

A2IB 

6*480 

1.054 

-0.015 

0,355 

2 






HD 

208606 

G8 IB 

6,125 

0» 277 

0.565 

1,042 

2 

0*314. 

0.831 

2 

0 

• 350 

HD 

209481 

09V 

5,542 

-0, 110 

-0.028 

0,138 

1 

-0*038 

0.367 

1 



HD 

209750 

G2IB 

2,938 

0, 474 

0.40 4 

0,571 

2 

0,194 

0.538 

2 

0 

• 009 

hD 

210221 

A3 IB 

6,116 

1.332 

0.018 

0,327 

2 






HD 

210745 

K1 IB 

3,370 

0. 190 

0 .778 

0.992 

4 

0.384 

'b,893 

4 

0 

*098 

HD 

214680 

09V 

4,927 

-6. 150 

0,030 

-0,054 

1 

-0,068 

0,360 

1 



HD 

2 16206 

G4IB 

6,246 

0. 398 

0.406 

0,696 

3 

0.234 

0,636 

3 

0 

,031 

HD 

216946 

K5IB 

4o981 

0, 196 

0.838 

1,156 

2 

0,461 

0,775 

2 

0 

,126 

HD 

217476 

GO r A 

4,998 

0. 487 

0,431 

0,960 

1 2 

0.20 7 

0,591 

12 

0 

,519 

HD 

218356 

KO I 8P 

4,761 

D. 1 44 

0.549 

0,834 

3 

0.294 

0,675 

.3 

0 

.114 

HO 

219135 

GO IB 

7,620 

0,622- 

- 6,242 

■ 0,677. 

.. 3 

0.174 

0 • 50 2 

3 

0 

.210 

BC 6C 2532 

F7I8 

e • 30 5 

0, 849 

0,154 

0,751 

3 

0.100 

0*503 

3 

0 

.508 

HD 

221861 

KO I AB 

5,83 5 

0. 288 

0,546 

1,176 

3 

0.333 

0.826 

3 

0 

.489 


VO 

■p' 
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( CONT INUED > 


SPECTRAL NO. NO. 



HO/BD 

TYPE 

Y 

Cl 

Ml 

B'Y 

DBS. 

G 

N 

08S. 

E( B-Y) 

HD 

222574 

GOI I 

4* 805 

0,523 

0.'297 

0.493 

2 

0.156 

0.453 

2 

0.000 

hd 

223047 

G5IB 

4.964 

0. 285 

0.425 

0.696 

3 

0.208 

0.656 

3 

0.147 

HO 

224014 

F8IAP 

4.584 

0.861 

0*350 

0.680 

3 

0,146 

0.504 

3 

0.288 

HD 

224165 

G8IB 

6.005 

0,320 

P .495 
COMMENTS 

0.731 

2 

0.2 57 

0.J18 

2 

0.068 


IVE REFER TO THE SOURCES JASCHEK ET AL (1964>, GENERAL CATALOG OF VARIABLE STARS 
(KUKARKIN ET AL 1958)* AND THE YALE CATALOG OF BRIGHT STARS (1964) BY THE 
SYMBOLS J* GCVS. AND YBS» RESPECT I VELV^ THE COLORS CORRECTED FOR INTERSTELLAR 
REDDENING ARE DENOTED BY A ZERO. 

BD 59 389 - THE COLORS ( B-Y » 0 » GO. AND NO ARE ALL A TRIFLE LOW FOR ITS SPECTRAL 

TYPE, BUT THERE IS ONLY ONE OBSERVATION FOR THIS FAINT (Y = 9.0) 

STAR. 

HD 17509 - HAS A B COMPANION. D = 28'*, BUT NO EFFECT IS OBVIOUS IN THE RESULTS. 

HD 23230 - LISTED AS POSSIBLE VARIABLE IN GCVS* NO EVIDENCE IN THE RESULTS THAT 

IT IS OTHER THAN A F5II STAR. 

HO 25030 - THE VALUE OF CIO IS HIGH FOR A K1 I B STAR, BUT THE STAR IS FAINT AND 
THE PHOTOMETRY SHOWS APPRECIABLE SCATTER. 



TABLE 4*1 


(CONTINUEOJ 


HO 26630 - SPECTROSCOPIC BINARY AND DOUBLE (DELTA-M = 7*5» O := 15**)* BUT 
PHOTOMETRICALLY IT APPEARS AS AN ORDINARY GOIB STAR. 

HD 37S19 - PHOTOMETRY IS OF GOOD QUALITY* CIO LOW AND MIO HIGH FOR A F5II STAR, 

HD 38247 - PHOTOMETRY SHOWS LARGER SCATTER THAN EXPECTED FOR A STAR WITH A 

Y " 6.6* ALL INDICES WOULD BE BETTER UNDERSTOOD IF THE SPECTRAL 
TYPE WERE CHANGED FROM G8 TO KO * 

Hp 44990 - THIS IS THE CEPHEIO T MON, P = 27 DAYS, 

HD 59067 - INDICES ASKEW FROM EFFECTS OF 0 COMPANION ( DELTA-M = 2, D = 1«), 

HD 163506 - LISTED IN GCVS AS V441 HER, A SEMIREGULAR VARIABLE WITH A POSSIBLE 

PERIOD OF 70 DAYS. NO EVIDENCE IN THE PHOTOMETRY WHICH IS OF GOOD 
QUALITY AND IN ACCORD WITH THE GIVEN CLASSIFICATION. F2IA* 


HD 168913 GIVEN AS EITHER A6V OR F9I8 IN J (A M IN Y8S > * PHOTOMETRICALLY CIO 
AND MIO ARE COMPATIBLE WITH EITHER ASSIGNMENT, WHILE THE VALUES FOR 
(B-Y)O, GO, AN® NO ARE IN BETTER ACCORD WITH A6V , 

HD 132296 - THE INDICES NO AND MIO ARE HIGH FOR ITS SPECTRAL TYPE, POSSIBLY 

OVER abundant in METALS, C, AND N, 

HO 187299 - THE CIO IS LOW FOR ITS SPECTRAL TYPE, ALL OTHER INDICES ARE NORMAL, 

HD 1901X3 - LISTED AS G5IB OR G8V IN J, PHOTOMETRY SUPPORTS THE G6IB LISTING, 

HD 190323 - THE VALUE OF CIO IS APPROXIMATELY G,3 TOO LARGE FOR ITS SPECTRAL 

TYPE, ALL OTHER COLORS ARE WITHIN REASONABLE LIMITS FROM 'NORMAL*. 



TABLE 4,1 


( CONTINUED! 


HD J904C-3 - LISTED AS G5IB-II« G5II» OR KIV IN J* THE RESULTS HERE ARE MORE 
CONSISTENT WITH THE LUMINOSITY CLASS V ASSIGNMENT, OUT NOT WITH A 
SPECTRAL TYPE AS LATE AS K1 , 

HD 192909 - ALGOL TYPE VARIABLE, LISTED AS K3I6-H -5- B I N J • THE EFFECTS OF THE 
COMPANION ARE PRONOUNCED, PARTICULARLY ON CIO AND NC WHICH ARE LOWs 


HD 196093 - 
HO 200905 - 
HD 20231 4 ’ 

HD 20S606 - 
HO 210745 - 
HD 216946 - 
HD 217476 - 

HD 222574 - 

HO 224014 - 


LISTED AS K2IO + 0 IN J, QUITE OBVIOUS FROM THE PHOTOMETRY, 

A SPECTROSCOPIC BINARY, NO EFFECTS OBVIOUS IN THE RESULTS, 

ALL COLORS WOULD BE MORE CONSISTENT IF THE SPECTRAL TYPE WERE 
CHANGED FROM G2 TO GS, 

A SPECTROSCOPIC BINARY, NO EFFECTS OBVIOUS IN THE RESULTS, 

A SPECTROSCOPIC BINARY, NO EFFECTS OBVIOUS IN THE RESULTS, 

SUSPECTED variable IN GCVS, PHOTOMETRICALLY IT APPEARS NORMAL, 

DEFINITELY VARIABLE, DATA IS INSUFFICIENT TO DETERMINE A PERIOD BUT 
IT IS OF THE ORDER OF HUNDREDS OF DAYS, 

LISTED AS VARIABLE IN J, AND A POSSIBLE VARIABLE IN GCVS* LOOKS 
NORMAL PHOTOMETRICALLY, 

THE VARIABLE STAR 7 RHO CAS, PHOTOMETRICALLY IT APPEARS AS A NORMAL 
FSIA STAR, 


VO 
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TABLE 4.2 

EFFECTIVE WAVELENGTHS 


Filter 

X 

4-^ 


e 

e 

u 

0 . 3455 P' 

2 . 894 {i 

V 

0.4108 

2,434 

L 

0.4700 

2.128 

y 

0.5482 

1.824 

A 

0.4377 

2,285 

B 

0.4279 

2.337 

C 

0.4166 

2.400 


TABLE 4.5 

COLOR EXCESS RATIOS FROM EXTERNAL SOURCES. 


Source/Eegiori 

Naady 

E(c^)/E(L-y) E(m^)/E(b-y) 

E(G)/E(b-y) 

E(N)/E(-b-y) 

Cygnus 

+ 0.142 

-0.129 

+ 0.142 

+0.156 

Perseus 

-0,065 

-0.274 

+0.087 

+0.134 

Cassiopeia 

+0.050 

- 0.014 

+ 0.114 

+0.200 

Cepheus 

+0 . 016 

-0.192 

+0.155 

+0.129 

Boggess & Borgman 

+ 0.242 

-0.098 

+0.151 

+0.170 

Averages 

+0 . 077±0 . 105 -0 . I 4 l± 0 . 088 

+ 0 , 12610.025 

+0.15810.026 
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TABLE If-.i}- 

COLOR EXCESS RATIOS DETSRMIHED 
FROM GBEHEIDS AT MAXIMUM LIGHT 

E(c^)/E('b-y) = +0.188 
E(m^)/E(B-y) = -O.lii -5 
E(G)/E(B-y) = +0.150 
E(®f)/E('b-y) - + 0.124 


TABLE 4.5 

COIOR EXCESS RATIOS DETEEMUffiD 
FROM FREE PARAMETER FITTIHG 

E(c^)/E('b-y) - + 0.084 
E(in^)/E(T3-y) = -O.O76 
E(G)/E(-b-y) = +0.173 
E(K)/E(b-y) = +0.178 


TABLE 4.6 


FIRAL ADOPTED COLOR EXCESS RATIOS ‘ 


Source 

E(c^)/E(b-y) 

E(m^)/E(b-y) 

E(G)/E(b-y) 

E(l)/E(b-y) 

Kelsall 

+ 0.155 

-0.125 

+0.150 

+ 0.145 

Stromgren 

+0.20 

-0.18 



Williams 

-0.009 

-0.261 

+0.106 

+0.109 
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cn - INTERSTELLAR EXTINCTION COEFFICIENT 

Figt 4.2 Variation of the normalized sum of the deviations squared 
■with the interstellar extinction coefficient ^ a,, for the 
reddening -free colors. 


0.135(b- 



m, + 0.125(b-y) 



SPECTRAL TYPE 

for the supergiants as a function of 






-0.150 (b-y) 



Fig. 





Fig. 4.1}- Ihe G, ("b-y) diagram for supergiants. Kie adopted thermal locus is shown as a 
dashed line. 












CHAPTER V 


LUMINOSITY CLASSIFICATION 
5-1. Objective and Procedure 

One goal of the present investigation is to determine the capa- 
bility of this photometric system in distinguishing the supergiants 
from the other luminosity classes. The system's usefulness as a galac- 
tic survey tool is greatly enhanced, if this is possible. 

We find for each luminosity class the mean color relations with 
spectral type. A comparison of the separations between the mean color 
curves, either as functions of spectral type or anyone color, and the 
errors of measurement show that at least the classes I and II cannot 
be distinguished. Construction of "supercolors" from quadratic expres- 
sions in the mean colors produces a discrimination level superior to 
that from the use of any pair of colors. 

5-2. Source of the Data 

The data contained in this study on stars of luminosity classes V 
through II is insufficient to yield satisfactory color- spectral type 
relationships. To extend the data on these luminosity classes we in- 
corporate by transformation the data contained in the studies by StrBmgren, 
and Williams. Previously we noted that transformations 'of high quality 
are impossible. However, here we restrict the use of the transformed 
quantities to the simple determination of mean colors, and do not use 
them in a search for internal correlations. The transf omnations are 
adequate for this more limited task. 
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The best procedure is to transform the bracketed quantities 
directly. The transformation relations for [cj^] and [m^] for StrUmgren- 
Perry catalog stars are shotm in Fig. 5.1. The expressions for the 
transformation curves are — 

= 0.016 + 0.981*[c^]g - 0.012*[c^lg , 

and 

[m, = 0.027 + 0.825*[mJ„ + 0.205*[m, . 

J- Jx i o X o 

The transformation probable errors are 0?022 and 0™013, respectively. 

We note the smallness of the zero point and the coefficient of the non- 
linear term in the [c^]- transformation. As the range in [c^] is large 
these aspects of the transformation indicate that our values for 
will be close to those on StrHmgren's standard system. This is clearly 
not true for the value of [m^]. The relations between [c^^] , [m^] , [G], 
and [N] of Williams and those of this study are illustrated in Fig. 5.2. 
The transformation equations are — 

[c^]^ = 0.090 + 0.637*[c^]^ + 0.268*[c^]^, 

= 0.654 + 1.069*[m^]^j + 0.343*[m^]^, 

[G]^ = 0.151 + 0.929*[G]„ - 0.572*[G]^^, , 

lx W W 

and 

[N]j, = 0.128 + 1.027*[N]^ + 0.130*[N]^ . 

The probable errors of transformation are 0%55, 0^024, 0?007, and 0?009, 
respectively. The error in the transformation is so large that 

Williams' results are dropped from the discussion; except for the lumi- 
nosity class II stars where the data is so scant that every point must 
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be preserved. The transformation difficulties reflect the complexity 
of the stellar spectra. The difficulties also emphasize the necessity 
of carefully matching filters when using an intermediate band-pass 
system. 

A listing of the information used from the StrBmgren-Perry catalog 
and Williams' article is given in an appendix. 

It is obvious that color-spectral type relationships for luminosity 
classes V through II will he less certain than the trends found for 
supergiants, whose data comes from this investigation alone. However, 
the uncertainties introduced through the transformations of the external 
data are within tolerable limits, and the resulting curves are doubtless 
adequate. 

5—3. Color— Spectral Type Relationships 

For the supergiant colors the data is sufficient over the spectral 
type range A5 through K5 so a power series fit in the digitized spectral 
type coordinate, X, can be made. For the other luminosity class colors 
it is necessary to make use of moving averages, as in section 4-5. The 
exceptions to this restriction are the following: 

(1) [c^] for class V stars in the spectral type range A8 to K5 is 
adequately represented by an eighth order power series in X; 

(2) [m^] for class V stars is suitably given by an eighth order 
power series in X; 

(3) [cj^] and [m^] for class III stars are matched by an eighth 
order power series in X. 

As the handling of some of the data is subjective, we give the details 


below. 
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The smoothing curves (solid lines) for [c^], [G] , and [N] for 
luminosity class V stars are shown in Fig. 5.3,. The power series fit 
to the full data is denoted by the dots. In the [N] case we see how a 
high power series fit minimizing the rms deviations introduces bumps, 
which are probably spurious and need to be smoothed by some sensible 
intuitive process. 

For class IV stars the values of [c^] and cannot be assigned 

on the basis of the photometric data at the later spectral types. Here 
an additional expediency is used. The KO IV - K5 IV results are simply 
the values found by averaging the class V and class III values (crosses) . 
For [G] and [N] the data is totally inadequate. As the average values 
formed from the class V and class III results fit the situation as well 
as any other set of values, these average values are accepted for the 
class IV stars. The curves are presented in Fig. 5.4. 

The smoothed [G] and [N] curves for class III stars are plotted in 
Fig. 5.5. The turnover in [N] at K3.5 is weakly indicated by .the data. 
This turnover is in accord with the results of Griffin and Redman (1960) . 

For the class II stars the data is so meager that use of moving 
averages is of no help, so eye-fitted curves through the raw data are 
made. In each of the color plots in Fig. 5.6 the class Ib results are 
shown as a dashed curve. The data points for the class II stars do not 
distribute themselves about the class Ib line, indicating that photo- 
metrically these two classes are distinguishable, if only marginally. 

The final over-all results are presented in Table 5.1, and Figs. 5.7 
and 5.8. The dispersions about the mean curves are listed in Table 5.2. 
The [c^] and dispersions for the luminosity class II stars are of 

doubtful value as the eye-fitted curves stressed the author’s results, 
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while the dispersions are calculated from all the data. 

5-4. Supergiant Discriminants 

To determine photometric discriminants, all possible color-color 
graphs were made using the mean colors for the spectral type range A5 
through K5. These graphs also included the two constructed colors 
[u-v] and [u-b] . These two colors are formed using the relations — 

[u-v] = [c^] + [m^], 

V 

and 

' [u-b] = [c^] + 2.0*[nij^]. 

The four best segregating curves are shown in Fig. 5.9. In all curves 
the I-II segregation is virtually impossible to make, and the I-II-III 
confusion is in many regions quite pronounced. The [c^^] versus [G] 
curve is the most superior single curve, and when combined with the [u-v] 
versus [G] curve good discrimination can be made in the ranges -0.05 ^ ■ 
[G] 5 0.10, and 0.175 ^ [G] i 0.300. For the later spectral types the 
[G] versus [N] and/or the [m^^] versus [H] curves are useful adjuncts. 
Hoxirever, segregation on the basis of the colors alone is below expecta- 
tions. As all the data was used in making up these curves, it is impos- 
sible to determine by any meaningful internal means how well luminosity 
class segregation can be performed on the basis of the color-color dis- 
criminants alone. 

Luminosity class segregation can be performed by mapping the mean 
color curves into the disjointed, luminosity-class, lines in an Mv>logI^ 
HR diagram. Such a mapping is possible through an equation quadratic in 


the mean colors . 
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We first break the mean color- spectral type information up into 
three segments - A5-F7, F7-G7, and G7-K5. The need for partitioning 
results from the number of confluences in the mean color lines. For 
example, in the A5-F7 range the [c^] lines are cleanly separate for the 
various luminosity classes, the [G] lines are close through out the 
range, and the [m^l and [N] curves are entangled in the neighborhood of 
FO. The desire that the mapping results be clean demands that there be 
a limited number of muddying complications contained in the mean color 
data. For each of these segments we fit M^simultaneously for all lumi- 
nosity classes by a single expression in the mean colors [c^], » [G] , 

and [W ] . That 'is — 

(spectral type, luminosity class) 


In Eq, (5-1), color^ stands for a mean color at a particular spectral 
type, and for a particular luminosity class. The color ^ is , 

etcetera* An equation equivalent to that for is found for log T^» 

As these mappings are not calibrations in a strict sense, for convenience 
and clarity we refer to the results as "supercolors". The results from 
these rather peculiar constructions are shown in Fig., 5.10. The solid 
curves represent the data of biaauw (1963), and the log T^ calibra- 
tion of Johnson (1966). The solid curves cover the spectral range A5 
through K5 for each luminosity class. The points are the fits achieved 
using the mean colors for A5 to K5 in a single equation in each of the 


a + >a,*color, 
o L-i 1 1 

i=i 


4 4 


(5-1) 




i=l j =i 


*color . *color . 
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three spectral type segments. The agreement is most encouraging. The 
fitting dispersions are approximately 0^7 and 0.008 in and log T^, 
respectively. The I-II-III confusion evidenced in the mean color graphs 
is eliminated in the supercolor diagram. This is a partial vindication 
of a procedure which might at first appear to be an overly extensive use 
of the mean colors. However, it is clear that the coefficients in the 
supercolor equations are basically amplifying terms which enhance small 
differences in the colors, in order that the results match the imposed 
calibration conditions. As the calibrations are the disjoint, luminosity- 
class magnitude and effective temperature curves, the mappings are ex- 
pected to be unstable to minor perturbations relative to the mean color 
lines. This feature is probably further magnified by the lack of physi- 
cal content in the form of the supercolor equations. A redeeming aspect 
may be the inclusion of the cross-color terms, the utilization of a fea- 
ture which is hard to grasp through color-color plots. Though the ex- 
pected sensitivity of supercolor equations to input is a restrictive 
limitation, the procedure may still be worthwhile when applied to indis- 
crimlnantly gathered survey photometry data. We return to this super- 
color method in Chapter VII, where we give the results of the method 
when it is applied to individual stars. 



TABLE; 5*1 




THE MEAN 

REDDENING-.FREE COLORS FOR 

SPECTRAL 


LUMINOSITY 

CLASS 


TYPE 

V 

IV 

III 

II 

I 



Cl = 

Cl - 0. 

ISS'i'IB-Y) 


BO 

-O.OBT 





B1 

+0.065 





82 

0,174 





83 

0,283 





34 

0,390 





85 

0,495 

0,439 




86 

0, 600 

0,539 




07 

0.706 

0,728 




B8 

. 0.312 

■ 0,847 




89 

0,911 

0,970 




AO 

0.995 

1,042 

1,028 


0,874 

A1 

1 . 049 

1.079 

1,084 


1,013 

A2 

1 ,068 

1,080 

1.116 


1. 103 

A3 

1 • 047 

1 ,0S5 

1, 125 


1,179 

A4 

1,018 

1.024 

1,115 


1 .254 

AS 

0,980 

0,93v‘) 

1,088 

1,475 

1.330 

A6 

0*935 

0,939 

1,050 

1,470 

1,401 

A7 

0,886 

0*885 

1,003 

1,450 

1,460 

A8 

0,824 

0.830 

0,951 

1,425 

1,499 

A9 

0,758 

0,782 

0, 895 

1,380 

1,511 


ALL LUMINOSITY CLASSES, 


LUMINOSITY CLASS 

V IV III II I 

Ml = Ml + D,125*(B-Y) 

0^027 
0,047 
0*064 
0.077 
0 .088 

0.098 0.116 

0.108 0,118 
0,118 0.123 

0.129 0.128 

0,141 0*138 


0,153 

0, 150 

0,134 


0,018 

0,166 

0,163 

0.146 


0.029 

0, 178 

0.177 

0 • 162 


0.038 

0,188 

0,190 

0.176 


0.047 

0,197 

0.200 

0.188 


0.057 

0.203 

0.203 

0,198 

0,118 

0.068 

0,207 

0,205 

0.204 

0, 127 

0.081 

0,208 

0.207 

0,208 

0, 1 36 

0.093 

0,20 7 

0,208 

0.210 

0,146 

0. 107 

0,20 5 

0,207 

0,210 

0,155 

0,119 
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TABLE Sol 


(CONTINUED) 


SPECTRAL 


LUMINOSITY 

CLASS 



LUMINOSITY 

CLASS 


TYPE 

V 

IV 

I II 

I I 

I 

V 

IV 

1 1 I 

1 1 

I 

FO 

0.693 

0.728 

0.837 

1*325 

1.495 

0. 20 1 

0.205 

0 .209 

0.165 

0.132 

FI 

0.630 

0. 680 

0* 7f9 

1 « 2S7 

1 * 450 

0. 197 

0.202 

0.207 

0.175 

0.145 

F2 

0 . 57C 

C.'640 

0.723 

1. 17C 

1 • 376 

0. 194 

0.199 

0.206 

C.186 

0. 160 

F3 

0.516 

0.590 

0.668 

1.060 

1 • 293" 

0.191 

0.196 

0,206 

0.210 

0,178 

F4 

0. 468 

0.540 

0.617 

0.952 

1.191 

0 • 191 

0.191 

0,206 

C.227 

0.197 

F5 

0.427 

0.495 

0. 570 

0.844 

1 , 033 

D.192 

0. 191 

0.209 

0,248 

0,220 

F6 

0. 391 

0.455 

0. 526 

0 p 735 

0.912 

0.196 

0.195 

0.214 

0.264 

0.245 

F7 

0. 362 

0.422 

0..486 

0.633 

0.804 

0,202 

0.204 

0,220 

0.283 

0.275 

F8 

0.338 

C. 395 

0.452 

0.556 

0 . 70 1 

0.210 

0.2 20 

0.228 

0.300 

0.305 

F9 

0.319 

0. 365 

0.423 

0.494 

0.603 

0 .219 

0.2 34 

0.237 

0.319 

0,339 

GO 

0.305 

<3.355 

0.398 

0.445 

0.511 

0.228 

0.248 

0.248 

0. 338 

0.375 

G1 

0. 297 

C.340 

0.377 

0,408 

0.436 

0.238 

0.262 

0.26G 

0.354 

0 & ^08 

G2 

0 . 292 

0.335 

0. 362 

0. 378 

0.379 

0.245 

0,270 

0.273 

0,37 2 

0.439 

G3 

0.292 

C.329 

0.350 

0.352 

0.331 

0.253 

5.277 

0.288 

0.390 

0 . 466 

G4 

0.294 

0.324 

0.344 

0.327 

0. 291 

0.260 

0.280 

0.304 

0.407 

0.492 

G5 

0.298 

0.319. 

C.341 

0.304 

0 . 254 

0.272 

0.283 

0.323 

0.428 

0.51 8 

G6 

0. 30 2 

0.310 

0.340 

0 0 284 

0.220 

0.276 

0.288 

0.346 

0.455 

0 » 545 

G7 

0.3 06 

0.305 

0. 342 

0.265 

0.186 

0.288 

0.304 

0.375 

0.490 

0.577 

G8 

0 • 309 

0.305 

0.343 

0.248 

0. 152 

0.304 

0.330 

0.41C 

0.535 

0,616 

G9 

0 . 309 

0. 30 2 

0.343 

0.232 

0. 121 

0.328 

0.384 

0.455 

0.S8C 

0.664 

KO 

0 . 306 

0.30 1 

0*338 

0.217 

0.095 

D • 362 

0.437 

0.511 

C.637 

0.722 

K1 

0.292 

0.300 

0.328 

0.202 

0,078 

0.408 

0,503 

0.579 

0.697 

0.795 

K2 

0.281 

0.296 

0.311 

0.187 

0.062 

0.468 

Cl. 564 

0.66 0 

0.757 

0.862 

K3 

0.258 

0.271 

0.284 

0.173 

0.049 

0,545 

0.650 

0*754 

0.82C 

0.913 

K4 

0. 226 

C.238 

0. 249 

0. 155 

0,041 

0.636 

0.746 

0.857 

0.886 

0,956 

K5 

0. 1 85 

(5.195 

0. 206 

0.142 

5,037 

0 o735 

0.850 

0.965 

0.950 

0.996 
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TABLE 5.1 


(CONTINUED) 


SPECTRAL 


LUMINOSITY 

CLASS 

tmu 


LUMINOSITY CLASS 


TYPE 

V 

IV 

ni 

1 £ 

I 

V 

IV 

1 1 1 

1 1 

I 



G = 

G - 0.150*(B-Y) 



N = 

N - 0. 1 45* CB-Y) 


BO 

~ 0. « 0 6 3 





0.364 





01 

-0.069 





0.362 





32 

-0.077 





0.36O 





S3 

-0. C87 





0.357 





BA 

-0 .397 





0.354 





85 

-a, 10 5 





0.35 1 





B6 

-0.112 





0.348 





87 

-0.117 





0.345 





88 

-0.122 





0.343 





B9 

-0.125 





0.342 





AO 

-0.128 

-0.120 

-0.111 



0.340 

0.341 

0,342 



A1 

-0.130 

-0, 121 

-0. 112 



0.340 

0.341 

0.342 



A2 

-0.130 

-0.122 

-0, 113 



0.340 

0.341 

0.342 



A3 

-0.129 

-0. 122 

-0. 115 



0.341 

0.341 

0,341 



A4 

-0.127 

-C. 120 

-0. 112 



0.342 

0.341 

0.340 



A5 

-0. 1 23 

— 0. 1 16 

-0. 110 

-0.066 

-0.052 

0.344 

0.341 

0.339 

0.350 

0.322 

A6 

-0.116 

-0. 1 10 

-0. 105 

-0.066 

-0.053 

0.345 

0.342 

0.338 

0.351 

0.325 

A7 

-0.109 

-C, 104 

-0.099 

-0.065 

-0.054 

0.348 

0.343 

0.338 

0.352 

0.328 

AS 

-0. 101 

-0.096 

-0.090 

-0. 064 

-C.055 

0. 352 

0.344 

0.337 

0.352 

0.331 

A9 

-0.090 

-0.085 

-0.080 

-0.062 

-0.056 

0.356 

0.346 

0.337 

0.353 

0.334 
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TABLe 5ol 


( CGNT INUEO ) 


SPECTRAL 


LUMINOSI TY 

CLASS 


TYPE 

V 

IV 

{ 1 1 

I I 

I 

FC 

-0.080 

-0.074 

-0.069 

-0.061 

-0.057 

FI 

-0.068 

-0.062 

-0.056 

-0.060 

-C.055 

F2 

-0. 054 

-0.04 7 

— 0 « 040 

-0.055 

—0 « 050 

F3 

-0.040 

-C.032 

-0.025 

-0.048 

-0.045 

F4 

-0*026 

-0*018 

-O.Ol 1 

-0.035 

-0.035 

F5 

-0.012 

-0.005 

+ 0.002 

-0.023 

-0,023 

F6 

+0.002 

+0.008 

0.913 

-0.008 

-0.008 

F7 

0.016 

0.020 

0.U23 

+ 0.008 

+0.008 

Fa 

0.028 

0.0 30 

0 . U 32 

0.025 

0.026 

F9 

,•>.0 39 

0.040 

O.C40 

0,045 

0.045 

GO 

0.0 49 

' 0.048 

0.048 

0.C64 

0,G64 

G1 

0.057 

0.0 56 

0.054 

0.079 

0.079 

G2 

064 

C.062 

0.061 

0,037 

0,094 

G3 

0.0 70 

0.068 

0.067 

0.097 

0, 105 

G4 

■0.075 

0.074 

0.074 

0.106 

0.115 

G5 

0.0 80 

0.030 

0.031 

0.113 

0. 124 

Go 

0.035 

0.0 38 

0.U90 

0.120 

0 • 134 

G7 

0. 092 

0.096 

0.100 

0. 128 

0, 146 

G8 

0.103 

0.108 

0.112 

0. 1 38 

0,160 

G9 

0.115 

0. 1 21 

0.127 

0.152 

0, 177 

KO 

0.131 

138 

0.145 

0.170 

r, 196 

Kl 

0 . 1 5 9 

0. 163 

0. 167 

0,190 

0 . 220 

K2 

0.191 

0. 1 92 

0.193 

0.221 

C • 243 

K3 

0 . 221 

0.222 

0.224 

0.250 

0,259 

K4 

t, 250 

0. 254 

G. 25 3 

0.279 

0.274 

K5 

0.281 

0.288 

0.294 

0.307 

0,290 




LUMINOSITY 1 

CLASS 


V 

IV 

III 

11 

I 

Q 0 36 

0.348 

0.336 

0,355 

0,337 

0.362 

0.348 

0.335 

0.357 

0,341 

0.362 

0.348 

0.333 

0 » 360 

0.353 

0.358 

0.345 

0 a 332 

0.364 

0.362 

0.354 

0.342 

0.330 

0.369 

0,371 

0.348 

0.338 

0.328 

0.375 

0,379. 

0.33 9 

0.332 

0 .326 

0,381 

0.386 

0.330 

0.328 

0.325 

0.3 86 

0.392 

0.32 0 

0.322 

0.324 

0.390 

0.399 

0. 31 0 

0.316 

0 .322 

0.395 

0,406 

0.300 

0.310 

0.321 

0,400 

0.417 

0 o 292 

0.306 

0,320 

C.41 1 

0,433 

0.286 

0.303 

0.320 

0.427 

0.453 

0.284 

0.303 

0.323 

0e448 

0.480 

0.28 3 

0.306 

0.329 

0,469 

0.513 

0.284 

0.312 

0.340 

0.502 

0.565 

0.285 

0.320 

0.355 

0,541 

0.597 

0.287 

0.332 

0.378 

0.578 

0.623 

0.289 

0.354 

0.418 

0.612 

0,643 

0.290 

0.375 

0.460 

0.637 

0,657 

0.292 

0.393 

0.505 

0.654 

0,668 

0 . 29 4 

0.415 

0.536 

0.666 

0.663 

0.295 

0.428 

0.561 

0.668 

0.652 

0.297 

0.436 

0 .575 

0*666 

0.639 

0.299 

0.438 

0.576 

0,661 

0.619 

0.30 1 

0.430 

0.560 

0.652 

0. 578 


1X7 
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TABLE 5.2 


EMS DISEERSIOES IN THE MEAN COLORS 



AT ANY 

SRECTRAL 

TYPE 


Luminosity 

Class 

[ 0^3 


[G] 

[n] 

I 

o”o8l 

0?064 

0™021 

0%30 

II 

0.126 

0.067 

0.021 

0.034 

III 

0.053 

0.034 

0.013 

0.056 

17 

0.067 

0.017 

0.021 

0.036 


0.054 


V 


0.017 


0.007 


0.007 



[n>l] -STROMGREN 

Fig. 5*1 Stromgren to Kelsall transformations for 
[cil and [mil. 
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Fig* 5*5 Dependence of [oi], [g] and [u] on spectral typ?e for luminosity class V stars. 
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SPECTRAL TYPE 

5*5 Dependence of [G] and on spectral 1 
luminosity class III stars. 





Fig. 5,6 Dependonce of [ci], [g] and [h] on spectral type for luminosity 

class II stars. 
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Fig. 5»7 Variation of [cj,] and [mi] witli spectral type for all lumi- 
nosity classes. 


















-SUPERCOLOR 






CHAPTER VI 


BASIC CEPHEID RESULTS 
6-1. Photometry and Data 

The cepheid data is collected and reduced in a manner identical to 
that for the supergiauts. IJhilst higher accuracy may be obtained using 
cotaparison stars the gain -would not -warrant the additional observing 
time. The results are given in Table 6.1. The phases listed are those 
calculated using the photometric periods and epochs determined from a 
combination of V and y data as described below. There is on the 
average 15*1 observations per star. 

6-2. The Periods 

It is recognized that the cepheid periods are not rigidly time 
invariant. The compilation of periods in the General Catalog of 
Variable Stars (GCVSj 1^58) derived basically from photographic 
results up to 1958. Since 1952 there have been extensive observations 
made on the UBV system. These results through 1964^ transformed to 
— the standard UBV system,, are listed in the very fine catalog prepared 
by Mitchell, Iriarte;, Steinmetz, and Johnson (MISJj 1964). A combi- 
nation of the V data from MISJ and the y data from this investigation 
gives new periods of high accuracy. 

The method of period determination is to fit the visual magnitude 
hy a Fourier series — 

S t . -t t . -t 

\ / [a^*sin(2m ^ ) + a^^^*cos(2Tn ° )], (6-l) 

n = 1 
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■where n is the harmonic index, H is the maxirautn n’umber of harmonics in 
the fit, t is the time of the first observation, t. is the i-th ohser- 
vation time, and P is the period. In the analysis the period is left 
as a free parameter. Por each period the fitting coefficients are 
calculated by the method of least squares. The best period is defined 
as that one which minimizes the sum of the deviations squared, S, 

We illustrate the procedure by example. In Pig. 6.1 S is plotted 
against period for the cepheid X Lacertae, using MISJ data only. Kie 
interval size in the period scan, AP , is chosen so the relative phase 
change between the first and last observation is less than 0.05 as the 
period is changed from P to P + AP . The upper panel of Pig. 6.1 
indicates a minimum in S at approximately 5*44 days. The deep satellite 
minima result mainly from the blocking of the data into groups, each 
group being associated with a particular observational program. The 
computer program, designed by the author to do this analysis, finds the 
point of deepest minimum. The program then automatically repeats the 
period scanning in the neighborhood of the deepest minimum with an 
ever increasing period resolution. This process is continued until 
the period producing the deepest mininium in 8 is determined to within 
five parts in a hundred million. The fine detail is sho>/n in the 
lower panel of Fig. 6.1, where an unambiguous minimum is found for a 
period of 5.44389 days. 

The following technique is used to combine the V from MISJ with 
the y of this investigation. The y data is analyzed using the period 
found from the analysis of the MISJ data alone. Prom the separate V 
and y analyses the mean values of the fits, {v) and (y), are known. To 
bring y into accord with V, to each y is added the correction term 
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((v) - (y)). This process is substantially the best that can be done. 
For while y and V are well correlated for unreddened stars, the broad- 
ness of V precludes using this simple correlation for stars as strongly 
reddened as are the cepheids . Once y is so adjusted the period 
analysis is repeated using the combined V and y data. The results of 
this combinational process are shown for four stars in Fig. 6.2 . The 
stars well represent the full range of situations. As can be seen the 
y and V data are compatible. 

There is no rigorous manner that can specify the accuracy of the 
determined free -parameter period. However, intuitively we expect the 
precision to be commensurate with the difficulty of phase positioning 
arising from the size of the observational error. For example, if the 
range in V is 0^6, and the observational error is 0%12, the phase 
location is uncertain to 0.01. This estimate is simply the result of 
setting A0 =(d0/dV)W-error. Thus, the expected relative period pre- 
cision, AP/P, for a set of data covering H cycles will be given by — 

AP d0/ dV*V -error A0 . > 

P ~ no. of cycles ~ H 16-2; 

This intuitive argument for accuracy was checked by performing a 
number of numerical experiments. The fitting curve for T] Aq.1 was taken 
as true. Bandom points from this circve were selected, positioned 
randomly over a time baseline of N cycles, assigned errors of known 
dispersion, and then analyzed for period. The results for period ac- 
curacy bore out the simple argument given above, if the points 
sufficiently covered the range in phase from 0 to 1. 

The results of the period determinations for the thirty program 
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cepheids are sho'wn in'-Table 6.2. GIhe data fits in all cases contained 
three harmonics, i.e.*, seven fitting coefficients. The acc\iracy listed 
in colnmn four of the-tahl'e prohably represents a "best situation. The 
MISJ data contains not only observational errors, but also errors of 
system transformations. Even making allowances for these difficulties, 
cepheids W Gem, SZ Tau, SW Tau, and AU Peg have had period decreases, 
while AL Vir’s period has increased over the GCVS periods. The marked 
variation of AU Peg's period has been noted recently by Kwee ( 1967 ). 

6 - 3 . Color -Phase Results 

03ie color-phase plots for eight representative cepheids are shown 
in Figs. 6.3 through 6.10. The phases are those determined from the 
epochs and periods listed in Table 6.2. The fitting curves for y are 
not necessarily at a maximum at phase 0.0 as the fits are the results 
of Fourier analyses of the y data alone, and the y data is often in- 
sufficient in determining the time of maximum light. The data appears 
to he most adequate in delineating the variation of the photometric 
quantities with phase. 

6-4. Comparison with the Supergiants 

Photometric comparisons between the cepheids and the supergiants 
are shown in the graphs of Fig. 6.11, where the photometric data for 
the cepheids at maximum and rainlmura light are taken from the fitting 
curves so as to place all cepheids on an equal footing. On the whole 
the cepheids duplicate the supergiant results. An exception is the 
results for Cc^] . This discord is most pronounced at maximum light. 

It is known that the hydrogen lines are strongest then. As [c^] 
contains the v magnitude twice, and as the v filter contains H-delta, 
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part of the trouble with may result from the enhancement of 

H-delta in the cepheids an maxiraum light over their supergiant equiva- 
lents . 

Fig. 6.11 also shows that there is no clear photometric discrimi- 
nation "between the classical (06)^ galactic (c)j and Pop. II (CW) 
cepheids. For while four of the five CW cepheids stand out at maximum 
light in the [cj^3 versus [m^3 plot, the result for AU Peg ([c^3 = 0.662, 
[m^] = 0.281) shows that some of the CW cepheids would he lost 
photometrically . 

6-5 • A Population II Discriminant 

In the literature cepheid color -color curves are often distinquished 
"by their openness or closedness. This characteristic of the loops is 
illustrated in Fig. 6.12, where the color-color Lissajous figures in 
the UBV, six-color, and our composite system are shown. A quantitative 
measure of a loop's openness would be its area. The index could be 
either the total or the "signed" area, where the signed area is the 
area calculated talcing into accovuat the direction of circulation around 
the area's border as the phase goes from 0 to 1. 

In Pig. 6.13 "the total areas for particular color-color loops in 
the various systems versus the log of the cepheid periods are shown. 

We designate the total area of the U versus (B-V) loop by (U",B-V), 
etcetera. The data shown are the hest results for the various photo- 
metric systems. For UBV we find no positive population discriminant. 

The (-TJjB-V) plot does indicate that the OT cepheids possess systemati- 
cally larger areas than most of the Pop. I cepheids. Good population 
discrimination is apparently possible in the six-color and our 
composite system. The most useful segregation results in our system are 
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shown in Pig. 6.l4''. Wef note that this segregation method is inde- 
pendent of the amotmtstof interstellar reddening. 

One impetus in inyestigating the color-color areas was a hope that 
they could be interpreted as thermodynamics -work cycles. (The results 
can not be given a simple quantitative interpretation along such lines. 
Dr. R. A. Bell (private communication) points out that (b-y) is a 
temperature indicator^ while G depends on pressure and temperature 
throiagh molecular equilibria. Thus, the (b-y,G) is in a complex manner 
the area of a (P.,T) work cycle. The (c^,G) is similar, as is 
gravity (pressure) dependent . A complete analysis of the results would 
be most complex. 

6-6. (b-y) Color Excesses 

The (b-y)-color excesses are calculable once the intrinsic G, (b-y) 
relation is knora. We assume the simple linear relationship — 

G^ = A*(b-y)^ + B, (6-3) 

and obtain A and B through a two step procedure. The first step is to 
assume that B is zero in Eq. (6-3 )^ and to take A as a free parameter. 
For each of the twenty-one Pop. I cepheids the G, (b-y) color-color loop 
is calculated, at forty phase points, using the Fourier fits to the 
colors. Each phase point of a particular loop is translated along the 
Gj(b-y) reddening line until it intersects the assumed G^, (b-y)^line. 

The (b-y) translation is the E(b-y) for that point. The true E(b-y) 
for a star is taken to be the average of the E(b-y) 's at all phase 
points. This average E(b-y) is applied to each phase point. After all 
the stars ' points- are so translated, the rms deviation of the totality 
of points relative to the assumed G^j,(b-y)^ relation is determined. 
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The best value for the constant A is that for which the rtns deviation 
is least. 

The value for B is fixed by imposing the condition that the average 
value of E(b-y)/E(B-V) be O.7O. This is identical to the adjustment 
made to fix the zero point for the supergiants. The values for E(B-V) 
for the twenty-one cepheids are taken from the compilation by 
Fernie (1967a). The final (b-y)^ relation is — 

= 0.5if5*(b-y)^ - 0.110. (6-if) 

This relationship is very close to the supergiant thermal locus given in 
Fig. ii-.4 ““ 


= 0.952*(b-y)^ - 0.106 

The E(b-y) 's calculated with either equation differ at most by seven 
thousandths for any of the twenty -one cepheids. 

The slope of the (b-y)^ relation is in essence the best statis- 
tical representation of the orientation of the serai -major axis of the 
Gj (b-y) color-color loops. As a check on the suitableness of the simple 
linear relation of G^ with (b-y)^j the orientations of the semi -major 
axes for individual stars were determined. All determinations gave 
slopes close to the 0.54-3 value. 

The E(b-y)'s calculated using Eq.. (6-4) are listed in Table 6.5. 

Ho values for the Pop. II cepheids are given. These stars appear to 
obey the relation — 

G^ = 0.405* (b-y 4- B, 
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lUt here a precise specification for B is impossihle. 

j-7. (h-y)^ and the Effective Temperature 

Two of the hest studied cepheids are 6 Cep and T] Aql, They 
constitute the basis for Oke.'s (1961) calibration of (B-V)^ to 
A. comparison of (h-y) and (B-V) as fmction of phase for these two 
stars is shown in Fig. 6.15* (h-y) results have been adjusted so 

that (b-y) equals (b-V). The two panels demonstrate the near similar 
phase variations of (b-y)* and (b-V). In Fig. 6.l6 (B-V)^ is plotted ■ 
against (b-y)^. Uie 6 Cep and -'ll Aql data give the relation — 

(B-V)^ = 0.021 + 1.606*(b-y)^, (6-5) 

with a fitting probable error of 0%21. Fig. 6.16 also includes the - 
points for X Cyg, the longest period cepheid in the program. While the 
points for X Cyg lie systematically above the (B-V)^/(h-y)^ line, the 
linearity of the relation is obviously preserved even for large (B~V)^. 
The X Cyg points would lie on the line if the E(B-V) were increased 
from 0.36, Fernie's value, to 0.42. This value for E(B-V) is within 
reason as the E(b-y) is O.285, which predicts an E(B-V) of 0.40. 

Oke's calibration relating (B-V)^ to modified to include 

more recent reddening results (Kodgers and Bell 196?) ^ is 

Vf " 0.33 T*(b-v)^. (6-6) 

Substituting Eq. (6-5) into Eq. (6-6) gives — 

' ®eff 0.54l*(b~y)^. (6-7) 

'The larger coefficient for (h-y) over that for (B-V) in the expression 

o 0 
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for is compensated for by the higher observational precision 

possible in the determination of (b-y), and its associated reddening 
excess . 
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TABLE 6*X 


OBSERVATIONS OF THE CEPHEIOS* 


JO 


<2430000+) 

PHASE 

Y 

Cl 

Ml 

8-Y 

G 

- N 


/ 

ETA AQL 

7.1767 DAYS 



8553.933 

0.073 

3*622 

0*924 

C.200 

0*427 

0*043 

0*461 

6554.878 

0.205 

3*811 

0.761 

0*244 

0.500 

0*097 

0.459 

8555.919 

0.350 

3.849 

0*707 

0.256 

0.529 

0*125 

0*474 

8556. 895 

0.486 

4*091 

0.608 

0.279 

0. 606 

0.171 

0*500 

8557.881 

0.623 

4.242 

0.S63 

0.297 

0.655 

0*166 

0*539 

8558.833 

0.756 

4.258 

0.575 

0.284 

0.614 

0*145 

0.503 

8559. 883 

0.902 

3.768 

0*791 

0*207 

0.464 

0.074 

0*463 

8560. S9S 

0.043 

3.533 

0*955 

0.201 

0.408 

0.045 

0*452 

8561.890 

0.182 

3*767 

0*798 

G.216 

0.493 

0.091 

O.A-62 

8564.872 

0.597 

4.217 

0*558 

0*303 

0.639 

0.187 

0.542 

8565.898 

0.740 

4*294 

0.547 

0*313 

0*614 

0*172 

0*515 

8683.594 

0.837 

3.994 

0*646 

0.256 

0.511 

0.107 

0*476 

8689.594 

0.976 

3.549 

1.000 

0* 185 

0.386 

0.040 

0*432 

9045.601 

0.582 

4.172 

0.520 

0*360 

0.615 

0*155 

0*557 



U AQL 

— 7. 

0240 DAYS 



8554.861 

0*137 

6*251 

0*868 

0*131 

0.676 

0.101 

0*492 

8555. 905 

0.286 

. 6.339 

0.777 

0.121 

0.735 

0.124 

O * 50 3 

8556.888 

0.425 

6*585 

0*625 

0#218 

0.770 

0*191 

0.499 

8557. 866 

0*565 

6.724 

0*604 

0*215 

0.814 

0.220 

0*520 

8558. 819 

0i701 

6*843 

0.548 

0.251 

0.801 

0*183 

Co 509 

8559. 860 

0*84 9 

6*500 

0*738 

0.152 

0.694 

0.117 

0*497 

8560.877 

0.993 

6*071 

1.029 

0.129 

0.576 

0*077 

0*455 

8561. 881 

0.136 

6*264 

0 e 883 

0. 130 

0.673 

0*111 

0*477 

8564.854 

0*560 

6.696 

0*659 

0.190 

0.830 

0*198 

0*561 

8565.881 

0*706 

■6.842 

0.643' 

0.228 

0.812 

0.179 

0*514 

6566# 867 

0*346 

6. 500 

0*731 

C. 154 

0.693 

0.114 

0*524 



FF AQL 

4. 

4709 DAYS 



8553# 801 

0*940 

5.208 

1*025 

0.183 

0*444 

0*037 

0.444 

8554. 812 

0*166 

5*301 

5*947 

0.195 

0*483 

0.052 

0*449 

3555.763 

0*379 

5*468 

0.862 

0.185 

0.542 

0*094 

0*466 

8556.764 

0.603 

5.525 

0*820 

0*232 

0.515 

0*105 

0*460 

8557.754 

0*324 

5*367 

0.913 

0.192 

0*480 

0.062 

0*474 

8558.753 

0.048 

5.215 

1*049 

0*153 

0.456 

0.040 

0*449 

8559.744 

0*269 

5.381 

0.926 

0* 179 

0*516 

0*081 

0.465 

8560.752 

, 0*495 

5*503 

0*796 

0.226 

0*545 

0.075 

0*504 

8561.760 

0* 720 

5.4 81 

0.860 

0.232 

0*490 

C.081 

0*441 

8564.748 

0*389 

5.476 

0*843 

0.208 

0*526 

0*073 

0*489 

8565.758 

0*615 

' 5*516 

0*847 

0.207 

0*527 

0*107 

0*474 

8566.746 

0.835 

5*353 

0.913 

0*210 

0*466 

0*054 

0*476 



159 


TABLE 6*1 


{CONTINUED) 


JD 


2430000+) 

PHASE 

Y 

Cl 

Ml 

B-Y 

G 

N 

8688*623 

0,095 

5,242 

1.027 

0. 191 

C.444 

0.056 

0.449 

8689*629 

0.321 

5,455 

0,887 

0.218 

0.516 

0.0 83 

0.466 

8692* 604 

0.986 

5.199 

1.044 

G. 188 

0.&41 

0,055 

0 .441 

8694,607 

- 0.434 

5,490 

0.804 

0, 199 

0.553 

0aC96 

C.461 



fM AQL 

— 6. 

1142 DAYS 



8555,926 ' 

0. 756 

8.595 

0,634 

0,134 

1.009 

0.143 

0.589 

8556* 820 

0,902 

8,124 

0.913 

0. 091 

0.816 

Cf.l49 

0.449 

8557. 822 

0 .066 

7.9S6 

0.906 

0.094 

0.804 

0.078 

0.508 

3558.858 

0.236 

8,206 

0,754 

0. 122 

C.906 

0,127 

0.525 

8559,812 

0,392 

8.343 

0.729 

0. 163 

0.949 

0,145 

0.621 

8560.920 

0.573 

8.542 

0,499 

0* 213 

1*006 

0.267 

0 .536 

8561.801 

0.717 

8,634 

0,534 

0. 185 

1 ,009 

0.238 

0 .625 

8564.796 

0*207 

8,154 

0,816 

0. 117 

0.8 94 

0.119 

0.570 

8565.793 

0,370 

8,327 

0.582 

0.196 

0,936 

0,193 

0.547 

8566,772 

0 , 530 

8,529 

0.594 

0. 193 

0.971 

0.117 

0.596 

8689.612 

0.621 

8.649 

0.558 

G. 246 

0.9,81 

0.220 

0.546 

8691,611 

0.948 

' 7.920 

0.907 

0.095 

0.796 

0.084 

0.494 

8692# 591 

0,108 

8.061 

0.826 

0. 160 

0.818 

0.148 

0.508 

8693,587 

0,271 

8.221 

0.738 

0, 131 

0.921 

0.182 

0.536 


V496 AQL 

6 • 

8072 DAYS 



8555,697 

0.947 

7.603 

0,300 

0. 193 

D.703 

0,110 

0.5C6 

8556. S74 

0,090 

7.642 

0.752 

0.221 

0,710 

0.201 

0,446 

8557.858 

0,235 

7.725 

0.658 

0. 253 

0,765 

0.157 

0,503 

8558. 812 

0,375 

7.827 

0.644 

r.275 

C.783 

0.2G4 

G ,494 

8559. 852 

0,528 

7.940 

0,519 

0,294 

0.820 

0.222 

0.563 

8560.869 

0.677 

7.925 

0.635 

0,243 

0.827 

0.240 

0.487 

8561.872 

0. 825 

7.773 

0.619 

0.264 

0.735 

0.151 

0.485 

8564,843 

0.261 

7.748 

0.676 

0,303 

0.724 

0,157 

0 ,501 

8565.867 

0.412 

7.845 

,0.593 

0,303 

0.792 

0.217 

0,51 8 

8566.858 

0.557 

7.975 

0.575 

0.347 

0.789 

0.227 

0,553 



RT AUR 

— 3. 

7281 DAYS 



8689.003 

0,007 

5,053 

1.114 

0.189 

0,255 

O.C* 

0.403 

8689.972 

0,267 

5.423 

0.801 

0.240 

0,395 

C.077 

0.447 

8689.997 

0.274 

5.435 

0.800 

0.2S4 

0,387 

0.078 

0 .444 

8692.938 

0,063 

5,126 

1.024 

0,219 

0.271 

0.013 

0,413 

8820.763 

0.349 

S.541 

0.733 

0.229 

0.440 

0.103 

0,445 

8822.744 

0,881 

5.360 

0.894 

0.209 

0.324 

0.035 

0,432 

8823.754 

0.152 

5.258 

0.93C 

0.2C7 

0,341 

0.027 

0,446 

8825.775 

0.694 

5*822 

0. 660 

0.249 

0.482 

0.118 

0 ,476 



TABLE 6»l 


(CONTINUED) 


JD 


(2430000+) 

PHASE 

Y 

Cl 

Ml 

B-Y 

t 

G 

N 

8826«742 

0*953 

5*017 

1.122 

0* 167 

'0.261 

-0*008 

0*406 

9045. 985 

0*761 

5.792 

0.617 

0.292 

0.453 

0.103 

0.472 

9053*005 

0*644 

5*803 

0*628 

0*297 

,0.472 

0*123 

0*455 

9175*757 

0.570 

5.755 

0.627 

0*291 

0.472 

0*130 

0.474 

9177*791 

0.115 

5.215 

0. 974 

0*216 

0.308 

0.023 

0.434 

9440* 944 

0.701 

5.817 

0.678 

0.250 

,0.484 

0*133 

0.465 

9443*958 

0*509 

5.721 

0*633 

0*278 

0.472 

0*134 

0.458 



RX CAM 
/ 

7* 

9124 DAYS 



8687*977 

0*494 

7* 862 

0*697 

0*235 

0.917 

0*181 

O.SSl 

8688*894 

0.609 

8.030 

0.632 

0*288 

0.945 

0*155 

0.589 

8689*903 

0*737 

8*055 

0.608 

0*280 

0*917 

0*187 

0*520 

8691*847 

0.983 

7.367 

1.055 

0.108 

0.724 

0*087 

0,499 

8692.810 

•0*104 

7*500 

0,93A 

0*152 

' 0.785 

0*121 

0.515 

8820*641 

0*260 

7.494 

0*839 

0.196 

0.735 

0*140 

0.498 

8322.637 

0*512 

7.916 

C.590 

0*266 

0.929 

0*232 

Q .551 

8823*613 

0*636 

8.036 

- 0.599 

0.236 

0.969 

0*178 

0.619 

8824.625 

0*764 

7*997 

0.619 

0.231 

0.912 

0*179 

0.528 

8826*615 

0*015 

7.3 63 

1.046 

0. 135 

0.731 

0.091 

0.509 

9045.931 

0.733 

8.0S9 

0*523 

0.223, 

0.922 

0*168 

0.542 

9051.917 

0*489 

7.342 

0.654 

0*247 

0.9 28 

0.205 

0.543 

9052.387 

0*612 

8.030 

0.597 

C«264 

0.952 

0*183 

0.560 

9053.906 

0*741 

8.0B3 

0,606 

0*229 

0.925 

0*198 

0.539 

9054*904 

0*867 

7.702 

0.784 

0*171 

0.803 

0*156 

0*474 

91,75*610 

0*122 

7.4 96 

0*835 

O. 178 

0*791 

0.163 

0*472 



RY CMA 

4. 

6784 DAYS 



8820*683 

0*774 

8.426 

0*594 

0.275 

0.620 

0*122 

0*482 

8822.694 

0*204 

3.036 

0.788 

0.214 

0.541 

0*C67 

0.503 

8623*692 

0*417 

S.255 

0*634 

0.262‘ 

0.613 

0*101 

0.501 

3825.669 

0.840 

8.252 

0*736 

0.216 

0.563 

0*138 

0.443 

9177.724 

0*091 

7. 846 

0o95S 

0.211 

0.466 

0*027 

0.441 

9173.708 

0*302 

8.076 

0.649 

0.273 

0.572 

0*105 

0*479 

9440*976 

0*361 

8.176 

0o667 

0.309 

0.583 

0*111 

0,477 

9445.967 

0*428 

8.235 

0*660 

0.236 

0.627 

0*120 

0.500 



SU CAS 

. 1. 

9493 DAYS 



8687.938 

0*557 

6.171 

0*859 

0.122 

0.546 

0.C77 

0.433 

868S.817 

0*008 

5.774 

1*127 

0.137 

0.421 

0*008 

0.443 

8689.890 

0*559 

6,172 

0.878 

0. 142 

0,530 

0.056 

0.443 

8691*831 

■0 • 555 

6*179 

0* 8&6 

0.159 

0*524 

0.065 

0 .466 

8692*792 

0.048 

5,798 

1*113 

0. 124 

0.437 

0*028 

0.419 



TABLE 6ol 


( CONTINUED J 


JD 


(2430000+) 

PHASE 

Y 

Cl 

Ml 

8-Y 

G 

N 

8693.935 

0. 634 

6. 157 

0,861 

0.149 

0*528 

0.043 

0.462 

9045c 892 

0,186 

5.900 

1.062 

0.119 

0.481 

0.031 

0.433 

9051.872 ’ 

0.253 

' 5.971 

0.960 

0.155 

C.480 

0.041 

0*438 

9052.363 

0. 762 

6,029 

0.926 

0.178 

0.470 

0 • 0 29 

0.433 

9053.897 

0.292 

6.006 

0.938 

0.173 

0.483 

0.057 

0.431 

9C54o856 

0.784 

5.979 

0.991 

0.142 

0.468 

0.041 

0.410 

9176.627 

0.252 

5.944 

1 . 003 

0.153 

0.478 

0.0 

0.0 

9177,638 

0.771 

5.986 

0.952 

0. 154 

0.478 

0.035 

0 .447 

9440.770 

0.756 

6.033 

0.971 

0.131 

0*485 

0*037 

0.423 

9444.794 

0.820 

5.937 

0*991 

0.108 

0*487 

C*034 

0.420 



TU CAS 

2© 

1394 DAYS 



8687. 888 

0.687 

7.946 

0.718 

0.215 

0.441 

0.123 

0.408 

8688, 808 

0.117 

7,620 

0,915 

0. 196 

0.343 

0.038 

0.425 

8689.852 

0.605 

8.005 

0.732 

0.222 

0.459 

0.089 

0,427 

8691.786 

0.509 

8.061 

0.701' 

0.269 

0.449 

0.090 

0.452 

8692.747 

0.95 8 

7.515 

1.017 

C. 193 

0.308 

0.012 

0.415 

8693.81 3 

0.456 

7.904 

0.767 

0.208 

0.432 

0.098 

G.427 

9045.813 

0.985 

7.197 

1.183 

0.182 

0.223 

-0.017 

0*364 

9046.821 

0.457 

7.994 

0.726 

0.242 

0.462 

0*103 

0.440 

9051.790 

0,779 

8.025 

0.724 

0.211 

0.442 

0.063 

0.466 

9052.775 

0.240 

7.634 

0.794 

0.215 

0.433 

0.C65 

0.434 

9053.784 

0.711 

7.888 

0.769 

0. 189 

0.424 

0*059 

0.436 

9054.837 

0.204 

7.716 

0.335 

0.224 

0.364 

0*008 

0 .438 

9440.713 

0.567 

8.060 

0.759 

0.222 

0.468 

0*109 

0 .443 

9443.731 

0.977 

7.180 

1.244 

G. 174 

0.222 

-0.024 

0.391 

9444.712 

0.436 

8.015 

0.768 

e.216 

0.484 

0.129 

0 .412 

9445.740 

0.916 

7.461 

1.052 

0.180 

0.296 

0.G47 

0.387 



OL CAS 

**“ S« 

00C4 DAYS 



8691.800 

0.975 

8.707 

Oo 882 

0. 122 

C.742 

0.017 

0 .524 

8692.762 

0.095 

8.771 

Oe 862 

0.116 

0.765 

0.141 

0 .463 

8693.823 

0.228 

8.867 

0.800 

0.212 

0.743 

0.156 

0.520 

9045. 802 

0.223 

8. 842 

0.804 

0.152 

0.806 

0.148 

0.533 

9051.799 

0.973 

8.712 

0. 896 

0.145 

^0.714 

0*090 

0.469 

9053.805 

0.224 

8,829 

0. 731 

G.139 

0,817 

C.lll 

0 ,535 

9443. 740 

0.963 

8,714 

0.912 

0. 122 

0.732 

0.105 

0.523 

9444. 724 

0.086 

8.761 

0.836 

0*079 

0.779 

0*1 2C 

0.521 

9445.767 

0.216 

8.823 

0.769 

0.178 

0.792 

0*125 

0.604 
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. TABLE 6*1 


(CONTINUED} 


JD 


(2430000+J 

PHASE 

Y 

Cl 

Ml - 

> 

1 

CD 

• G 

N 


DELTA CEP 

5* 

3662 DAYS 



8553*979 

0*850 

4*037 

0*757 

0*240 

0*431 

0*079 

0*453 

85S4..961 

0*032 

3*542 

1.084 

0* 185 

0*311 

0*015 

0.437 

8555*972 

0*221 

3*856 

0*844 

0*214 

0*430 

0*086 

0*456 

8687*783 

0*784 

4*268 

0*626 

0,294 - 

0*493 

0.138 

0*462 

8688*760 

0*966 

3*493 

1*116 

0.193 

0*273 

0*005 

0*421 

8689*775 

0.155 

3*755 

0.891 

0.212 

0,394 

0.040 

0*452 

8691*733 

0*520 

4*195 

0*655 

0.279 

0*526 

0 « 1-34 

0*498 

8692*691 

0^699 

4*357 

0*597 

0*314 

0*542 

0.152 

0*503 

8694*706 

0*074 

3.622 

1,003 

0*193 

0*340 

C.G42 

0*428 

9046* 738 

0*675 

4.331 

0.599 

0*308 

0*554 

0.160 

O.SIO 

9051*729 

0*605 

4*286 

0*593 

0*321 

0*537 

0.146 

0*494 

9062*744 

0*795 

4*236 

0*628 

0* 289 

0.499 

0.120 

0.482 

9053*728 

' 0* 978 

3*485 

1*136 

0*181 

0*284 

0*005 

0*419 

9054* 702 

0*159 

3*743 

0*875 

0.216 

0*396 

0*071 

0,437 

9444*680 

0,832 

4.119 

0*729 

0*248 

0.450 

0.093 

0*460 

9445*676 

0*01 e 

3*517 

1,101 

0,196 

0,293 

0,029 

0*409 



X CYG 

16* 

3854 DAYS 



8688*697 

0*185 

6*193 

0.645 

0,306 

0*743 

0,173 

0*574 

8691*672 

Oo 366 

6*494 

0,490 

0*432 

0,855 

0,237 

0,658 

8692*645 

0V426 

6.613 

0, 404 

0*478 

0*886 

0.263 

0*697 

9045.665 

O'* 970 

5.853 

0,952 

0.188 

0.554 

0,096 

0*453 

9046*692 

0*033 

5*937 

0*851 

0,228 

0*595 

0*114 

0*497 

9051*679 

0. 337 

6*439 

0,485 

0.407 

0.852 

0*239 

0*687 

9053*681 

0*460 

6*659 

0*425 

0*478 

0*911 

0.268 

0.767 

9054*622 

0.* 51 7 

6*758 

0.375 

0,519 

0*931 

0,263 

0*829 

9440*626 

0*075 

6*001 

0*777 

0, 228 

0*658 

0,129 

0*486 

9443*622 

0*258 

6.302 

0*556 

0,366 

0*804 

0,214 

0*618 

9444*622 

0*319 

6*394 

0*501 

0*414 

0.848 

0*245 

0*697 

9445.624 

0*380 

6*493 

0.417 

0,443 

0.879 

0,245 

0,724 


• 

SU CYG 

— 3, 

8455 DAYS 



8553*854 

0*305 

6,909 

0,695 

0,209 

0*403 

0,082 

0.418 

8554c 894 

0*575 

7*107 

0.516 

0.173 

0*459 

0*0 

0*0 

8555*774 

0.804 

7*080 

0*604 

0* 185 

C.415 

0,042 

0.474 

8556.773 

0.064 

6.540 

0*985 

0.137 

0*319 

0.004 

0*403 

8557.784 

0*327 

6*954 

0*656 

0.188 

0,407 

0*056 

0,475 

3558,763 

0,5 81 

7*151 

0.543 

0*214 

0*440 

0*091 

0.422 

8559*781 

0* 846 

6*944 

0*678 

0.191 

G.36S 

0,065 

0,437 

8560*781 

0*106 

6*625 

0*887 

0,203 

0*301 

0,020 

0*451 

8561,767 

0*362 

6*994 

0*638 

0.187 

0*423 

CelOO 

0,430 



TABLE 


(CONTINUEDJ 


JO 


2430000+) 

PHASE 

y 

Cl 

Ml 

> 

1 

CD 

G 

N 

8564*758 

0*140 

6*680 

0*834 

0* 196 

0.328 

C,019 

0*445 

8565*782 

0.407 

7*030 

0*594 

0.203 

0.424 

0*066 

0*438 

8566*80 1 

0*672 

7*190 

0*521 

0.204 

0.454 

0.089 

0*446 

8693*642 

0*656 

7*173 

0*541 

0.195 

0.450 

0*102 

~b*456 



VZ CYG 

4* 

8646 DAYS 



8565*957 

0.479 

8* 832 

0*440 

0*315 

0,562 

0.120 

0*534 

8556*931 

0.683 

9,2 09 

0.575 

0.321 

0,651 

0,217 

0.437 

8557,962 

0*891 

8*830 

0*794 

0.24C 

0.490 

0,006 

O.SIO 

8558*931 

0*090 

8.717 

0.92G 

C.204 

0.494 

0*110 

0.444 

8559.941 

0*298 

8*958 

0*685 

0*231 

0.637 

0.156 

0*403 

8560.950 

0*505 

9*147 

0* 707 

0.301 

0.646 

0.112 

0.S77 

8561.944 

0.710 

9.288 

0.6C8 

0.256 

0*680 

0.095 

0.588 

8565.942 

0.531 

9*175 

0*596 

0.271 

0.679 

0,163 

0*484 

8566.910 

0*730 

9.259 

0* 586 

0.349 

0,627 

0. 152 

0*455 

8689.760 

0*984 

8.623 

0* 956 

0*207 

0,448 

-0.002 

0.484 

8691.699 

0.383 

9*055 

0*622 

0.263 

C .648 

0,201 

0.452 



DT CYG 

— 2* 

4993 DAYS 



8553.875 

0.066 

5.526 

0*963 

0*194 

0.303 

0,026 

0.421 

8554.926 

0.486 

5. 896 

0*790 

0*220 

0.373 

0*012 

0.494 

8555.855 

0*858 

5.713 

0*901 

0.191 

0,319 

0.028 

0.420 

8556*848 

0*255 

5*759 

0*863 

0*197 

0.348 

0.039 

0.416 

8557*935 

0*690 

5.633 

0*842 

0,209 

0,352 

0,054 

0,441 

8558.895 

0.074 

5.661 

0*942 

0. 198 

0.304 

0.010 

0.437 

8559.924 

0.486 

5.911 

0*816 

0. 198 

0*392 

0*069 

0.454 

8560.824 

0.346 

5.720 

0.897 

0,187 

0,326 

-0.003 

0*454 

8561.841 

Oo 253 

5*774 

0*856 

0,249 

0,308 

0*051 

0*438 

8564.915 

0*483 

5.902 

0* 809 

0.202 

0.374 

0*048 

0.452 

8565*922 

0*886 

5*711 

0*917 

0. 190 

0,312 

0.C34 

0.424 

8687.740 

0.627 

5.853 

0.809 

0.189 

0,383 

0*064 

0.434 

8688.674 

0*000 

5. 64 8 

0.965 

0.209 

0,286 

0*033 

0.412 

8689.665 

0*397 

5*873 

0*826 

0.210 

0.369 

0*055 

0.437 

3691.649 

0*191 

5*721 

0,919 

0.224 

0.311 

0.038 

0.423 

8692.653 

0*593 

S* 940 

0,791 

0.230 

0,365 

0*079 

0,425 

8694.639 

0.387 

5.862 

0*835 

0.222 

0.350 

0.040 

0.447 

9443*633 

0*068 

5.653 

0.946 

0.193 

0*312 

0.024 

0*437 

9445.646 

0*873' 

5*681 

0*924 

0.200 

0*302 

0*025 

0*41 1 



TABLE 6*1 


< CONTINUED) 


JD 


? 2430000+) 

PHASE 

Y 

Cl 

Ml 

CD 

1 

-< 

G 

N 


ZETA GEM 

— 10. 

1514 DAYS 



-9052.983 

9.714 

3.917 

0.561 

0.333 

0.482 

0.120 

0.484 

9173.707 

0. 606 

4.916 

0.500 

0.354 

0.511 

0.155 

0.512 

9174.765 

O'. 710 

3.906 

0.627 

0.317 

0.471 

0.132 

0.482 

9175.769 

O'. 809 

3.790 

0.725 

C.296 

0.430 

0.107 

0.402 

9177.814 

0.011 

3.706 

0.712 

0.319 

0.410 

0.109 

0.471 

9176.788 

0. 107 

3.743 

0.641 

0.329 

0.467 

C.139 

0.488 

9432.008 

0.051 

3.720 

0.671 

0.328 

0.434 

0.111 

0.472 

9440. 967 

0.933 

3.687 

0.729 

0.331 

0.390 

0.095 

0.485 

9441.969 

0.032 

3*705 

0.719 

0.271 

0.450 

0.0 

0.0 

9443.988 

0.231 

3.934 

0.542 

0.422 

0.510 

0.148 

0.540 

9444.950 

0.326 

4.060 

0.49D 

0. 443 

0.559 

0.197 

0.570 

9445.960 

0.425 

4.157 

0. 500 

0.413 

0.581 

0.162 

0.602 


• 

W GEM 

7. 

9136 DAYS 



8692. 973 

0466 8 

7.378 

0.598 

0.311 

0.730 

0.148 

0.576 

8820.747 

Oi.814 

7.200 

0.708 

0.260 

0*633 

0.129 

0.506 

^822.733 

C.065 

6. 690 

0.986 

0. 164 

0.533 

0.064 

0*468 

8823.740 

0S192 

6.780 

0.853 

0.214 

0.564 

0.073 

0.492 

8824.747 

0.319 

6.936 

0.822 

0.273 

0.541 

0.128 

0.481 

8825. 692 

0.439 

7.090 

' 0.680 

0.243 

0.694 

0.162 

0.525 

8826.721 

0^569 

7.244 

0.581 

0.287 

0.742 

0.169 

0.551 

9045.999 

04278 

6. 751 

0.869 

0.186 

0.590 

0.112 

0.480 

9174.722 

04 544 

7.212 

0.613 

0.303 

0.713 

0.191 

0.517 

9175.730 

0.671 

7.365 

0.619 

0.290 

0.744 

0.189 

0.531 

9177.784 

0.931 

6.688. 

1.016 

0.162 

0.503 

0.057 

0.464 

9178.766 

0.055 

6.634 

0.992' 

0. 177 

0.519 

0.052 

0.473 

9444. 984 

0il695 

7.400 

0*494 

0.395 

0.699 

0.144 

0*582 

9445.937 

0.316 

7.222 

0.667 

.0.244 

0.643 

0.139 

0.496 


1 

X LAC 

5. 

4448 DAYS 



8555.965 

0.925 

8.276 

1.105 

0.152 

0.564 

0.0 

0.0 

8687.794 

o;i37 

8.262 

0.884 

0.175 

0.573 

0.068 

0.415 

8688.769 

0.316 

8.426 

0.761 

0''e20 5 

0.630 

0.123 

0 .51 5 

8691.746 

0.863 

. 8.350 

0.935 

-0.136 

0.590 

0.086 

0.464 

8692.699 

0.038 

8.236 

0.956 

0.187' 

0.532 

0.033 

0.483 

9046.749 

0.064 

8.201 

0.992 

,0. 144 

0.570 

0.067 

0.450 

9051.736 

0.980 

a. 1 89 

0.983 

0.107 

0.585 

-0.060 

0.437 

9052.751 

0. 166 

8.279 

0.9SS 

0.185 

0.577 

0.070 

0.475 

9053.754 

0.350 

8.472 

0.867 

0.174 

0.635 

0.129 

0.434 

9054.742 

0.532 

'8.571 

. 0.796 

0.277 

0.6S1 

0.139 

0.474 

9440.701 

0.418 

8.498 

0.822 

0.195 

0.653 

0.216 

0.468 
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TABUE 6«1 


< CONTINUED) 


JD 

( 24300004- > PHASE Y 


9444.689 

0.151 

8.286 

9445.690 

0.334' 

8.414 



RS ORI 

8691.967 

0.342 

8.403 

8692.962 

0.474 

8. 613 

8820.731 

0.359 

8.467 

8822.724 

0.623 

8.796 

8823.724 

0.755 

3.775 

S824. 735 

0.883 

8. 347 

8825.685 

0.014 

8.049 

8826.705 

0.149 

8.230 

9174.709 

0.140 

8.227 

9175.702 

0.271 

8.212 

9178.756 

0.674 

8.8^4 

9444.973 

C.857 

3,489 

9445.919 

0.982 

8. 034 


AU PEG 


8555.947 

0.062 

9.010 

8556.931 

0.474 

9.285 

8557.910 

0.883 

9.1 89 

8558,874 

0.287 

9.166 

8559.909 

0.719 

9*417 

8560*938 

0.149 

9.070 

8561.917 

0 . 559 ’ 

9.387 

8564. 886 

0.801 

9.350 

8565.954 

0.247 

9.142 

8566.929 

0.655 

9.410 

8688.651' 

0.561 

9.419 

8689*658 

0*982 

9.147 


AW PER 


8687. 989 

0.870 

7.446 

8688.939 

0.017 

7.122 

8689. 962 

0.175 

7.315 

8691.913 

0.477 

7*698 

8692.909 

0.631 

7.817 

8693.981 

0.797 

7.762 

8820.659 

0.396 

7*512 

8822.656 

0*706 

7*888 

8823*662 

0.861 

7.472 


Cl 

Ml 

8-Y 

G 

0.877 

0.190 

C*S77 

0*025 

0.879 

0.165 

0.655 

0.104 

— 7* 

5668 DAYS 


0.772 

0.123 

0*721 

0.132 

0,650 

G. 240 

0.744 

0.156 

0*723 

0.225 

0.684 

0*135 

0.637 

0*215 

0*800 

0*156 

0*722 

0. 213 

0.749 

0. 140 

0.883 

0.161 

0*611 

C.047 

1*107 

0*146 

0.525 

0*020 

0.955 

0.153 

0.615 

0.067 

0.905 

0.173 

0.611 

0*083 

0.826 

0.187 

0*636 

0*081 

0. 556 

C.260 

0.781 

0*163 

0.648 

0.262 

0.618 

0*096 

1.131 

0*106 

0.548 

0.016 

— 2. 

391 1 DAYS 


0.744 

0*216 

0*498 

0*085 

0.518 

0.277 

0.613 

0*183 

0.707 

0. 192 

0*532 

0.095 

0.530 

0.293 

0.562 

0*225 

0.535 

0.264 

0*600 

0*124 

0.617 

D.307 

0*494 

0*141 

0.626 

0*202 

, 0*656 

0*190 

0.566 

0*252 

0.560 

0.167 

0*586 

0*264 

0.528 

0*142 

0.492 

0*266 

0.601 

0.235 

0.507 

0.313 

0.577 

0*044 

0*693 

0*216 

0*461 

0*123 

6. 

4635 DAYS 


0.798 

0*051 

0.739 

0*078 

1*101 

0*072 

0.628 

0*033 

0.817 

0*120 

0*706 

0*091 

0.579 

0.086 

0.850 

0.141 

0.498 

0.126 

0.842 

0*154 

0.585 

0*118 

0*797 

0*085 

0.667 

0*113 

0.796 

0*083 

0.515 

0.144 

0*829 ' 

0*133 

0.767 

0*082 

. 0*738 

0*105 


N 

0.451 

0.475 


0.434 
0.543 
0.451 
0.50 9 
0.526 
0.462 
0.488 
0.479 
0.470 
0.511 
0.566 
0.525 
0.468 


0.532 
0.625 
0.539 
0.523 
0 .568 
0.517 
0 .583 
0.585 
0.518 
0.480 
0.661 
0.450 


0.470 
0.459 
0.474 
0.512 
0.476 
0.S33 
0.502 
C .558 
0.443 
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TABLE 6«1 


< CONTINUED) 


JD 







(2430000-S-) 

phase 

Y 

. -.Cl 

Ml 

B-Y ' 

c 

8324*665 

0*016 

7*088 

1.068 

0*056 

0*653 

0.049 

8825* 624 

0*165 

7*308 

0*858 

0*092 

0.723 

0*099 

8826*657 

0*324 

7.454 

0*762 

0*090 

0*774 

0*075 

9045* 967 

‘ 0*255 

7.417 

0.747 

0*103 

0*760 

0*087 

9052*936 

0.333 

7.456 

0*675 

0.118 

0*778 

0*112 

9053*989 

0*496 

7*702 

0*557 

0* 105 

0*842 

0*110 

9174*641 

0.163 

7.286 

0*870 

0.061 

0.731 

0*075 

9175*619 

0*314 

7o435 

0*749 

0*102 

0*758 

0.137 



SS SCT 

— 3* 

6713 DAYS 


8555* 836 

0*578 

8.407 

0*609 - 

0*205 

0 *726 

0.189 

8556*865 

0*844 

8*205 

0.747 

0.170 

0i6l9 

0*112 

8557*849 

0*212 

8.058 

0*782 

0.212 

0*578 

0*102 

8558*301 ' 

0*372 

8*3 23 

0*673 

0*224 

0.676 

0.126 

8559. 844 

0*656 

8*468 

0*682 

0*232 

0*674 

0*165 

8560*359 

0o932 

7. 977 

0*926 

0. 160 

0*534 

0*059 

8561* 863 

0.206 

8.145 

0*754 

0.165 

0*649 

0*152 

8564*831 

0*014 

7.919 

0*900 

0.130 

0.566 

0*074 

8565*856 

0*293 

8* 246 

0*701 

0.200 

0.666 

0*166 

8566. 849 

0*564 

8.413 

0*648 

0*210 

0*712 

0.197 



- S SGE 

8. 

3821 DAYS 


8553*831 

0.873 

6.616 

0*758 

0*244 

0*471 

0*118 

8554* 833 

0*993 

5*267 

0*994 

0*186 

0*412 

0.047 

8555.806 

0.109 

5.452 

0*883 

0*223' 

0*448 

0*091 

8556* 810 

0.229 

5*372 

0*850 

0*230 

0*452 

0*072 

8557*815 

0*348 

5*643 

0.657 

0.293 

0*535 

0*144 

8558.850 

0.472 

5.777 

0*657 

0*283 

0*602 

0*173 

8559*789 

0*584 

5*940 

0*566 

0*336 

0*634 

0*201 

8560*810 

0.706 

6*037 

0.601 

0*334 

0*607 

0*168 

8561.824 

0.827 

5*790 

0.698 

0*246 

0.532 

0.132 

8564. 785 

0*180 

5*409 

0*875 

0.199 

0*460 

0*074 

8565*839 

0*306 

5.537 

0* 726 

0.278 

0*492 

0.120 

8586*787 

0.419 

5.716 

0*665 

0*310 

0.560 

0*143 

8688*640 

0*956 

5*310' 

0. 990 

0* 196 

0.3 96 

0*072 

8689*649 

0*076 

5*400 

0*915 

0*232 

0.432 

0*078 

9045*633 

0*546 

5.866 

0*570 

0*361 

0.606 

0.189 



ST TAU 

— 4. 

,0342 DAYS 


8691.959 

0 * 998 

7*813 

1.173 

0* 108 

0.4 75 

0*012 

8692*983 

0.252 

8*185 

0. 806 

0.168 

0.594 

0.083 

. 8820*698 

0.910 

7*948 

1.037 

0*137 

0 o ^ 8A 

-0*003 


N 

0*446 

0*501 

0*506 

0*479 

0*486 

0*504 

0*455 

0*472 


0*439 

0*442 

0*466 

0*529 

0*537 

0*467 

0*468 

0*474 

0*481 

0.479 


0*457 
0 *444 
0*461 
0*460 
0*492 
0*511 
0*540 
0*539 
0*441 
0*482 
0*469 
0*512 
0.452 
0*450 
0*534 


0*434 

0*479 

0*477 
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TABLE 6*1 


( CONTI NU EDI 


JO 


2430000+) 

PHASE 

Y 

Cl 

Mi 

8-Y 

<3 

N 

8822,711 

0.409 

8,356 

0.734 

0,150 

0.681 

0,140 

0*484 

8823,712 

0,657 

8,547 

0,633 

0,192 

0,701 

0,166 

0,463 

8824,703 

0,902 

7,985 

1,023 

0* 134 

0,493 

0,013 

0,426 

8825.642 

0,135 

8,025 

0,978 

0,161 

0,533 

0,060 

0*482 

3826,679 

0.392 

8,342 

0,677 

0.231 

0,640 

0,130 

0,446 

9051,951 

0,232 

8,170 

0,870 

0,172 

0,584 

0,095 

0.482 

9173,662 

0,402 

8,31-2 

0,644 

0,219 

0,655 

0,0 

0,0 

9174,674 

0,652 

8,526 

0,688 

0,224 

0,676 

0,100 

0,477 

9175,679 

0,901 

7,982 

1,008 

0,119 

0,509 

0,042 

0.4S2 

9178,690 

0,648 

6,531 

0,601 

0,228 

0,688 

0,139 

0.477 

9444,906 

0,637 

8,555 

0,653 

0.247 

0,673 

0,0 

0,0 



SW TAU 

— 1. 

5836 DAYS 



8692,883 

0.843 

9,596 

1*186 

0,041 

0,412 

-0,012 

0.402 

8820,623 

0,507 

9,980 

0,816 

0,169 

0,529 

0,037 

0,614 

8822,626 

0,772 

10,140 

0, 846 

0,144 

0,497 

-0,018 

0,417 

9053,957 

0,851 

9,548 

1,272 

0,090 

0,366 

-0,043 

0,369 

9176,667 

0,339 

9,801 

1,022 

0,150 

0,441 

C.O 

0,0 

9177,659 

0,966 

9,380 

1.438 

0*090 

0,331 

-0*038 

0.394 

9440, 864 

0,173 

9,572 

1,199 

0. 207 

0,343 

0,065 

0,325 



SZ TAU 

— 3, 

1487 DAYS 



8683,007 

0.234 

6,535 

0,803 

0, 157 

0,587 

0,103 

0,456 

8689,969 

0,363 

6,406 

0,901 

0,189 

0.506 

0,048 

0,466 

8691,948 

0,486 

6,713 

0,716 

0, 188 

0,626 

0.119 

0,481 

8822,676 

0,003 

6,402 

0, 935 

0,164 

0,506 

0,050 

0.461 

8823,648 

0.312 

6,592 

0,750 

0,211 

0,591 

0,102 

0,462 

8824,649 

0,630 

6,642 

0,796 

0,184 

0,578 

0,096 

0,480 

8825,618 

0,938 

6,379 

0, 954 

0,179 

0,500 

0,046 

0.464 

8826,633 

0,260 

6,574 

0,776 

0,193 

0.583 

0,097 

0,468 

9045.960 

0,916 

6,364 

0,950 

0,134 

0,531 

0,063 

0,462 

9051,933 

0,813 

6.454 

0.895 

0,163 

0.524 

0,058 

0,460 

9052,964 

0,140 

6,446 

0,880 

0, 135 

0,579 

0,067 

0,449 

9053,981 

0,463 

6.683 

0, 746 

0,207 

0.617 

0,119 

0.495 

9174,624 

0,778 

6,469 

0,871 

0,194 

0.518 

0,070 

0,465 

9175,656 

0,106 

6,408 

0,905 

0,164 

C.545 

0,078 

0,464 

9177,669 

0,745 

6,504 

0,840 

0, 189 

0,535 

0,062 

0,443 

9173, 629 

0,050 

6,388 

0, 940 

0.158 

0,533 

0,060 

0,448 

9440,874 

0,336 

5,645 

0,704 

0*279 

0,568 

0,105 

0,487 



TABLE 6*1 


(CONTINUED) 


(2A 30000+) 

phase 

Y 

Cl 

Ml 

B-Y • 

G 

N 



AL VI R 

— 10. 

3030 DAYS 



8819*971 

0*728 

9.324 

1.046 

0.099 

0.400 

0*108 

0*343 

8322*973 

0*019 

9*183 

1*247 

0*131 

0.265 

-0*017 

0*376 

8823*996 

0*118 

9*292 

1*158 

0*128 

0.329 

0*016 

0.434 

8824*965 

0*212 

9*475 

0*967 

0* 180 

0.411 

0.049 

0.465 

8825*994 

0*312 

9.651 

0*895 

0.150 

0.482 

0*090 

0*47 2 

8826*964 

0*406 

9*788 

0*829 

0.233 

0*473 

0*061 

0*481 

9176*004 

0*284 

9*673 

1.005 

0.182 

0.427 

0.084 

0.435 

9177*987 

0*476 

9* 943 

0*749 

0 . 220 . 

0*486 

0*134 

0*441 



T VUL 

4* 

4355 DAYS 



8553* 865 

0.501 

5*944 

0*643 

0*277 

0*470 

0.127 

0*466 

8554*917 

0*738 

6*037 

0*630 

0.319 

0.439 

0*149 

0*489 

8555* 847 

0*947 

6*442 

1*053 

0*161 

0*298 

0*015 

0.422 

8556*840 

0*171 

5*627 

0*827 

0.227 

0*373 

0.063 

0.435 

8557*928 

0*417 

5*887 

0.665 

0*271 

0*458 

0*113 

0*462 

8558*889 

0 * 633 

6.039 

0*646 

0.269 

0*485 

0*109 

0.475 

8559*917 

0.865 

5.718 

0.832 

0*224 

0*352 

0*047 

0*429 

8560*617 

0*068 

5*468 

0.950 

0*207 

0.323 

0.032 

0*421 

8561*833 

0.297 

5.787 

0.715 

0*261 

0*421 

0*079 

0*450 

8564.904 

0*989 

5*430 

1.030 

0*196 

0.281 

0.042 

0*404 

8565*915 

0.217 

5*704 

0*783 

0.236 

0.392 

0.080 

0*440 

8687.729 

0*660 

6*011 

0.634 

0.273 

0*476 

0.128 

0.442 

8688*667 

0*892 

5.583 

0*940 

0.208 

0 e 306 

0.044 

0*404 

9045*720 

0*391 

5*877 

0.687 

0.252 

0.461 

0.105 

0*466 

9445*632 

0.562 

5*930 

0*666 

0.290 

0.465 

0.126 

0*482 



U VUL 

7. 

,9905 DAYS 



8555*815 

0* 107 

6*916 

0*960 

0.121 

0.326 

0.106 

0*491 

8556*803 

0*230 

6*943 

0.810 

0*163 

0*852 

0*150 

0*568 

8557* 808 

0*356 

7*161 

0.726 

0* 177 

0.940 

0.184 

0*507 

8558.792 

0*479 

7.316 

0.605 

0*232 

0*982 

0*204 

0*499 

8559*773 

0*602 

7*464 

0.640 

0.217 

1*008 

0*213 

0*510 

8560*763 

0*726 

7*497 

0*659 

0.234 

0*958 

0*222 

0.525 

8561.790 

0.855 

7* 158 

0.725 

0.194 

0*870 

0.104 

0.497 

8564*768 

0.227 

6*946 

0.923 

0.119 

0.854 

0*091 

0*578 

8565*767 

0*352 

7.139 

0*717 

0. 169 

0.938 

0.179 

0*522 

8693*606 

0*351 

7.138 

0*710 

. 0.207 

0*916 

0*166 

0*533 



TABLE 6.2 


CEIBEID PERIODS 
Photometric Results 


Star 

Epoch 

( +2430000 jd) 

P 

P 

Ac curacy* 10® 

[ =0 . OIP/ cyclesl 

GCVS Period 
P 

c 

Period Chani 

(P -P )*10' 
P c 

SU Gas 

944-3. l44 

1^949338 

CS Cepheids — 

± 15 

1^949319 

+19 

DT Cyg 

9445 '.962 

2.499305 

± 9 

2.49934 

-40 

SS Set 

8368.430 

3.671272 

± 25 

3.671253 

+19 

ET Aur 

9443.787 

3.728134 

± 21 

3.728261 

-127 

SU Cyg 

8694.963 

3.845485 

± 26 

3.845664 

-179 

FF Aq.1 

8692.667 

4.470908 

± 34 

4.470959 

-51 

RY CMa 

9448. 6A3 

4.678383 

± 51 

4.67804 

+340 

VZ Cyg 

8694.701 

4.864512 

±121 

4.864603 

-91 

6 Cep 

9430.948 

3.366235 

± 43 

5.366341 

-106 

X Lac 

9449.314 

5.444753 

±109 

5.44442 

±330 

FM Aq.1 

8698.044 

6.114191 

± 63 

6.11423 

-40 

AW Per 

9180.035 , 

6.463493 

±176 

6 . 46338 

+110 

Vil-96 Aql 

8569.872 

6.807162 

±115 

6.8069 

+300 

U Aql 

8567-9ii-7 

7.024011 

± 85 

7.02393 

+80 

n Aql 

9048.601-. 

7.176712 

± 82 

7,176641 

+71 

ES Ori 

9446.056 

7.566781 

±117 

7.56681 

-30 

EX Cam 

9182.555 

- 7.912424 

± 98 

7.911848 

+576 

W Gem 

94-47.395 

7.913602 

±134 

7.91467 

-1070 

DL Gas 

9452.037 

8.000406 

±192 

8.0005 

+100 

S Sge 

9049.440 

8.382126 

±112 

8.58216 

-50 



star 
C Gem 
X Cyg 

SZ Tail 
T Vul 
U Vul 

SW Tau 
TU Gas 
AU Peg 
ST Tau 
AL Vir 
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TABLE 6.2 
(coetihued) 

Photometric Results --- 


Epoch 

• 

Accuracy^lO® 

GCVS Period 

Period Change 

(+2it30000JIl) 

p 

P 

X=0 .OlP/cycles] 

P 

c 

(P -P )*10® 
P c 

9451.79^ 

10.131384 

±156 

10.15172 

-530 

9455. 

16.386080 

±401 

16 . 3866 

-500 



C Gepheids 

-- 


9i<42. 965 

3.148729 

± 15 

3.148987 

-258 

^ kk . 7.620 

4,435521 

± 29 

4.433378 

-57 

8698.790 

7.990491 

±188 

7.990676 

-185 



CW Gepheids — 

— 


9442.174 

1.583598 

± 4 

1.583648 

-50 

9445*919 

2.139438 

± 17 

2.13930 

+140 

8689.701 

2,387012 

± 10 

2.39787 

-10860 

9446.370 

4.034239 

± 33 

4.034229 

+10 

9183.384 

10.303022 

±170 

10,299971 

+3051 
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TABLE 6.5 

CEPHEID COLOR EXCESSES DETERMIlffiD USING THE 
= o.545*(ii“y)Q - 0.110 


Kelsall Williams 


Star 

Type 

Period 

E(t-y) 

E(t)-y) 

T| Aql 

6 C 

7-177 

0.156 

0.100 

U Aql 

6 C 

7.024 

0.359 


FF Aql 

6 C 

4.471 

0.218 

0.208 

FM Aql 

6 C 

6.114 

0.581 


V 496 Aql 

6 C 

6.807 

0.300 


RT Aur 

6 c 

3.728 

0,069 

0.055 

RX Cam 

6 C 

7.912 

0.474 

0.409 

RY CMa 

6 C 

4.678 

0.249 


SU Cas 

6 C 

1.949 

0.273 


6 Cep 

6 C 

3.366 

0.102 

0.075 

X Cyg 

6 C 

16.385 

0.283 

0.241 

SU Cyg 

6 C 

5.846 

0.112 

0.112 

VZ Cyg 

6 C 

4.865 

0.234 


DT Cyg 

6 C 

2.499 

0.084 


C Gem 

6 C 

10.151 

0.055 

0.029 

V. 

W Gem 

6 C 

7.91^ 

0.269 


X Lac 

6 C 

5.445 

0.327 


RS Ori 

6 C 

7.567 

0.385 


AW Per 

6 C 

6.464 

0.526 


S Sge 

6 C 

8.382 

0.112 

0.115 

SS Set 

' 6 c 

3.671 

0.263 



RELATION 

Fernie 

o. 7 *e(b-v) 

0.15 

0.29 

0.22 

0.46 

0 . 44 - 

0.09 

0.40 

0.20 

0.21 

0.10 

0.25 

0.13 

0.28 

0.10 

0.28 

0.27 

0.26: 

0.21 

0.14 


0.26 
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TABLE 6.5 

(coktimjed) 





Kelsall 

Willi auis 

Fernie 

Star 

Type 

Period 

E(L-y) 

E(b-y) 

o.7*e(b-v) 

SZ Tau 

C 

5 . 1^9 

0.285 

0.245 


T Vul 

C 

4.456 

0.059 

0.058 


U Vul 

C 

7.990 

0.586 
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PHASE 

Fig. 6.2 Bie fits of the visual magnitucLes for four represent- 
ative cepheids. 
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Fig. 6.5 Light and color variations with phase for SU Cas. 
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Fig. 6.4 Light and color variations with phase for AU Peg. 












Fig. 6.7 Light and color variations ■with phase for 6 Gep 
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PHASE 

Fig, 6.8 Light aad color variations •with phase for T) Aql. 
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AL Vir 10?30302 
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CS-7?915 CS-5?366 CW -4^034 



Fig. 6.12 Color-color Lissajous figures for three cepheids in the UBV, six-color, 
and uvhyjABC systems. 
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Fig. 6.15 and ("b-y) for 'll Aql and 6 Cep, "vrith. 

("b-y) = (B"V) for convenience. 



(A-0) 
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CHAPTER VII 


COMBIMED CEPHEID-SUPERGIAHT RESULTS 
7 - 1 . The ' Super color ' Method 

In section we found it possible to construct two equations 
that map the mean, bracket-color lines over to nhe mean luminosity- class 
lines in a standard logT^ H-R diagram. ¥e termed the results from 
these equations the M^-supercolor and the logT^ -supercolor. The struc- 
t\ire of the super color equations contain no physical insight. In 
section 5-4 they are simple j fully -quadratic (color-color cross terms 
are included) expressions in all four, reddening-free colors. The co- 
efficients for the color terms are found by least squares, using for 
data the mean colors at each spectral type for all luminosity classes. 
The information on and logT^ comes from other investigations. The 
lack of good data for particular supergiants forces our use of the 
mean colors. Restrictive as this is, the procedure at least complements 
the statistical nature of the class Ib data. When the supercolor 
equations are applied to individual stars with colors near to the means 
for its spectral type and luminosity class, the supercolors resemble 
the physical quantities, or logT^. Application to stars with colors, 
all or some, lying off the means for their spectral types and luminosity 
classes gives results beyond physical credence, particularly for 
This unstable characteristic of the supercolors would be more controlled 
if individual star data, covering the full range in spectral types and 
luminosity classes, could be used in determining the supercolor coef- 
ficients. For then dispersions in the colors* and their relation to 


I69 
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the calibrating quantifies is automatically included. Hovrever, ve 

emphasize that the' use of the supercolors is purely for discriminatory 

reasons, so that the colors can he used over their full range without 

necessary recourse to external information, such as spectral type or 

luminosity class.- We feel this ability to discriminate is essential for 

a viable slsy s\irvey photometric system, which should be a totally self- 

y 

contained entity. We also feel that the system of this investigation 
warrants consideration on this level. 

A search was made for an M^-supercolor, using the cepheids as a 
form of control. The idea was to find an M^-supercolor which preserved 
luminosity class discrimination and also reasonably tracked the variatior. 
of with phase for a group of representative cepheids. Fo such de- 
sirable situation was found. As the spectral type is not determined 
photometrically, the final decision is to create for a set of ranges in 
[G] an associated set of M^-supercolor equations which minimize the 
dispersion in for supergiants alone. 

The full range of Cg], -0.055 "to 0.300, is broken up into segments 
of fixed length. The (n+l) segment overlaps the segment by half. 

The length of the segments is varied over a wide range. For each 
segment length and position an M^-supercolor equation is found, and the 
rms dispersion for the class Ib stars is found. From this analysis a 
set of contiguous [g] segments is selected that covers the full range 
in [g] such that the rms dispersion in for the class lb stars is in 

every segment less than 0?2. To span the total range in [g] under this 

} 

restriction requires six segments. The comparison of the M^-supercolor 
(solid line) results to the calibration (dashed curve) for the class 
Ib stars Is shown in the left panel of Fig. 7.1. The application to all 
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IxiTninosity classes is show in the right panel of Fig. 7 * 1 . 

The logTg- super color is of much reduced form as compared to the 
M^-super color , A single, fourth -order expression in [g] for the full 
range in [g] is sufficient. 

The M^-supercolor for a cepheid at any phase point can he striking. 
Ans¥ers ranging from -9 to +i|- are found for a single cepheid. The 
logT^-supercolor makes no such wild excursions. The results are accept- 
able if the two supercolors are averaged over a full cycle. In Fig. 7.2 
the averaged supercolors for the twenty-one Pop. I cepheids are shown 
in comparison with the cepheid instability strip given hy Fernie (1967c). 
In detail the comparison is poor, hut the basic positioning is correct 
- the cepheids appear to be what they really are. Most of the scatter 
results from the crudity of the super color. The logT^-supercolor 

introduces a minor systematic effect arising from the differences be- 
tween Fernie 's and our temperature scale (Johnson 1966). 

A full H-R diagram is created by applying the supercolor formulas 
directly to the data of the individual stars. This is shown in Fig. 7.5, 
where the solid lines are the supercolor results when the mean bracket 
colors are used as input. Fig. 70 demonstrates the viability of the 
super color method as a supergiant discriminant, if applied to non- 
select ive survey photometry. Even in this crude form better than 
two-thirds of the supergiants are separated fbom the other luminosity 
class stars . And the separation is effectively without bias to selected 
spectral type regions, a situation not realizable through use of the 
colors alone. The class Y stars are also well separated. The Irll-III 
confusion is not resolved, but this may be amenable to a more sophisti- 
cated application of the super color idea. 
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7-2. Comparison of ~bhe Cepheid axid Supergiaat Mean Colors 

For the cepheids we need to determine the mean bracket colors 
relative to some suitable photometric quantity as independent parameter. 
Following Williams' (I966) suggestion we choose as independent para- 
meter the color [g] . The mean color lines for [c^]j [m^]^ and Cw] are 
constructed by a least squares analysis using a polynomial up to sixth 
order in [g] . In this analysis each cepheid is represented by twenty- 
five equally spaced phase pointS;, and the colors at these points are 
calculated from the Fourier fits to the colors. The results are shown 
in Fig. 7-^* In these plots the Ib mean lines are shown for comparison. 
Except for [c^] the cepheid mean lines are strikingly similar to those 
of the supergiants. 

Using the mean lines various correlations from the norm can be 

found in the deviations. The deviations from the mean lines are given 

in Tables 7*1 snd 7*2 for the supergiants and cepheids, respectively. 

A most interesting correlation is that between SCm,] = [m, ] 

j- 1 * 1 mean 

and 6[l] = [w] ^ ( a positive 6 implies a greater, than normal 

^ mean 

I 

metallic or CU absorption) . The correlations for the supergiants and 
cepheids are shown in the two panels of Fig. 7*5 • Eie solid lines in 
the graphs represent the orientation of the semi -major axis of the cor- 
relation ellipses. This correlation was also noted by Williams for 
long period cepheids. He also notes the fact that it lacks theoretical * 
basis. A second interesting finding is the lack of correlations 
between 5[c^], S[w'] for both supergiants and cepheids. 

The correlation plots are shovm in Fig. 7-6. The fortunate insensitivity 
of [c^] to the strength of line blanketing enhances the possibility of 
calibration purely in terms of gravity, at ary fixed temperature. This 
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point is also stressed "by McNamara and Colton (1969) in their study of 
line 'blanketing effects on the uvhy system for main-sequence stars and 
RR lyrae variables. 

7-3 • Metal Content and Galactic Structure 

One primary aim is to see if the metal index could delineate 
variations of metal content with galactic location. Plots of the 5[m^] ’s 
Versus galactic position are shoT-m for supergiants and cepheids in the 
two panels of Pig. 7.7. As can "be seen there is no obvious relation- 
ship between various groupings of the magnitudes of ^Cm^] ahd galactic 
position. In fact, for the cepheids there is no one star which greatly_ 
deviates from the mean. The radial distribution of the stars in this 
program is different from the distribution of the long period cepheids 
studied by Williams; and our conclusion is also different in that we 
find no great metallic differences, as indicated by deviations in [rn^l, 
as a function of galactic position. 

7~4. Comments on Williams ‘ Work 

The discrepancy in our results can arise purely from differences 
in radial distribution, and some inherent characteristics of long period 
cepheids. In particular, there is the knovm correlation of long period 
cepheids (P > ll'^) with galactic arm location, which is distinct from 
the anti -correlation for shorter period cepheids (Pernie 1968a^ Tammann 
1970). However, on looking at Williams's listing of his data a number 
of peculiarities become obvious. For example, for KX Cyg the 
variations in c^, N and G- at nearby phase points, 0 = 0.17^ and 0.220, 
are fantastically large. 'We decided then to do a re -analysis of his 
data for cepheids with periods greater than eleven days. 



As a first step the E(b-y) *s are calculated using his re- 

lationship, A number of errors are present here, as is clear upon 
comparing columns two and three of Table 7 <> 3 o Continuing, is cor- 
rected at each data point for the effects of interstellar reddening, 
using both his interstellar reddening line and, as the filters in our two 
programs are nearly equivalent, the line used in this study. As can be 
noted in Table I1-06 Williams’ nix reddening line differs from ours in 
slope by a factor of two. From these resiilts new lUx versus (b-y) re- 
lationships are developed using the -stars SZ Aql, TT Aql, K£ Aur, RW Cam, 

RW Gas, TY Cas, X Cyg, CD Cyg, W Sgr, A Set, UZ Set, and SV Yul, The 

results are given in Fig. 7.8, and as can be seen no glaring discrepancy 

exists. Once the mean mx, (b-y) relation is Imown the average 8r!ix’s for 
each cepheid are found, and these are shown in colimins four through six 
of Table 7 , 3 <i The same procedure is repeated for H, and these results 
are listed in columns seven through nine. The major points to be noted 
on the ten stars which show large fimx’s in Williams’ original analysis 
are as follows: 

YZ Aur - E('h-y) is poorly determined, and of the two data points 
only one is far from the norm; 

CP Cep - still looks strange and there is good correlation betireen 
6mx, and 6W, but there are only two data points; 

SZ Cyg - comment same as for CP Cep; 

V396 Cyg - only one of the two data points is far from the norm; 

V6O9 Cyg - comment same as for CP Cep; 

VY Sgr - poor s(b-y) , and the data shoir very large amplitude 
changes in the colors for nearby phase points, which is rather 
hard to understand; 


AV Sgr - 6mx,8W correlation is not so definite, and both become 
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"normal" when our reddening line is usedj 

EU Set - still strange hut the effect is reduced to high normal 

for 6mj^ and if our reddening line is used; 

TZ Set “ comment same as for RU Setj 

EG Vul - large hut not correlated with 6 n. 

So of the ten stars three can be dropped - YZ Aur, V596 Cyg, and 
VY Sgr ~ three have a high likelihood of being normal - AV Sgr^ RU Setj 
and TY Set - and three rest on a paucity of data - CP Cep, SZ Cyg, and 
V6O9 Cyg. It thus appears that the discrepancy between our studies is 
probably not that pronounced. 

7“5 • Conclusions 

Hie primary aims of this investigation are satisfied. Qhrough an 
analysis and interpretation of the data we have developed eight 
distinct conclusions. 

(1) IChe intrinsic G, (b-y) relations for both the supergiants and 
cepheids are found in Chapters IV and VI, respectively. These relations 
are adequately represented by simple linear equations. The simplicity 
of the relationships, and the accuracy of the photometry allow for 
precise determinations for the color excesses. These excesses are 
listed in Tables 4.1 and 6.3 for the supergiants and cepheids, 
respectively. 

(2) In Chapter IV we developed our definition of the reddening 
free colors. From the present data the reddening free color relations 
for the supergiants with respect to spectral type are found. In Chapter 
V the comparison of the supergiant colors relative to those for all 
other luminosity classes is made. These color relations for a ll 



176 


luminosity classes as functions of spectral type are shown in Figs. 5-7 
and 5 . 8 . In Chapter VII we obtain the mean color relations for the 
cepheids . Th e cepheid mean colors are similar to those for the super- 
giants, as is shown in Fig. 7-h. 

( 5 ) The problem of distinguishing supergiants from other luminosity 
classes through a .study of color -color plots is attacked in Chapter V. 

It is evident from the data that the positive separation of I from II 
is impossible. The segregation of I-II in the spectral type range FO^ 
to GO from the other luminosity classes is good using the plots [c^], 

Cg 3 and Cu~vl, LgI . The confusion of luminosity classes is complete in 
the range GO to g 6 . From g 6 to K5 the discrimination of I-II is pos- 
sible through the plots [u], [m^^l and [u], [g]- 

(4) In Chapters V and VII the concept of super colors is introduced. 
An application of the supercoloi’ equations representing and logT^ to 
the raw data produces a level of discrimination for the supergiants 
which is superior to the discrimination resulting from a study of 
colors. The procedure has the virtue of eliminating the I-II-III 
confusion to the point that approximately two -thirds of the supergiant 
stars are clearly separated, regardless of their spectral type through 
the whole range FO to K5- The average values of and logT^ derived 
from the supercolors for the cepheids are compatible with our current 
knowledge. These results are presented in Fig. 7-3* 

( 5 ) The population typing of cepheids does not appear possible on 
the basis of color information. However, in section 6-5 we find that 
the population type of cepheids can be deduced from an analysis of the 
areas of particular color-color loops. This is true both for the color 
system of this investigation, and the wide band six-color system. The 
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results of this study are given in Figs. 6.12 and 6. 15- An advantage 
of the procedure is that it is unaffected by the amounts of inter- 
stellar reddening. 

(6) There is a strong correlation between metallic line absorption 
and CN absorption for both supergiants and cepheids. The correlation 
lines are virtually identical for the two types of stars^ as is seen in 

Fig. 7.6. 

(7) The Balmer discontinuity index, [c^], for supergiants and 
cepheids is insensitive to the extent of line blanketing hy metallic 
line or CN absorption (Fig. 7 . 6 ). We speculate that this feature will 
enable us to calibrate [c^l in terms of gravity with some precision. 

(8) Finally, in Chapter VII we find no strong galactic position 

V 

dependent features in the deviations from the mean [m^] values for 
supergiants or cepheids. This is shown in Fig. 7- 7- We interpret the 
result to indicate that within the sampling volume there are no large 
scale regions, where stars are formed, which have distinctive metal 
anomalies. While the findings are in contradiction to the work of 
Williams, we show that most of the discrepancy is removed upon re- 
interpretation of Williams ' data. 

One unfortunate shortcoming of the investigation is our inability 
to calibrate the photometric quantities to physical parameters. This 
defect should disappear with further work similar to the investigations 
made by Bell (1970)^ Bell and Rodgers (1969), and Parsons (1970). 
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•msm 7.1 

DEVIATIONS OE TEE FO TO KO SUPERGIANTS ABOUT THE MEAN COLOR 
LINES DEFINED WI 0 ?H [g] AS INDEPENDENT COORDINATE 


Specbral 


hd/bd 

Type 

all 

II 

b 

4362 

GOIb 

122° 4 

- 3°3 

6474 

GOIa 

124 0 7 

1.0 

7927 

FOIa 

126.7 

- 4.4 

8906 

F 3 IL 

127.6 

-2.5 

8992 

F6lb 

127.9 

-3.7 

9250 

GOIb 

127.5 

1.1 

10494 

F 5 Ia 

129.1 

- 0.4 

14662 

F 7 Ia 

135.9 

-5.2 

16901 

GOIb 

143.3 

-i 4 .i 

17971 

F 5 Ia 

137.8 

1.2 

18591 

GOIa 

159-5 

-1.0 

20902 

F 3 Ib 

146.6 

“ 5.9 

25056 

GOIb 

148.8 

0.8 

26630 

GOIb 

154.0 

-1.8 

31964 

FOIap 

162.8 

1.2 

31910 

GOIb 

149.6 

11.4 

36673 

FOIb 

219.2 

-24.5 

36891 

G 3 Ib 

169.5 

4.4 

37819 

F 5 Ib- 

179.6 

-0.5 

38247 

GSlab 

188.7 

-5.4 

38808 

G 3 Ib-II 

184.5 

-1.7 


r 

6 [c^l 

6[m^] 

6 [n] 

0.9 kpc 

0%40 

-0?052 

- 0%65 

4.2 

0.092 

0.066 

-0.026 

2.3 

0.190 

- 0.084 

- 0.048 

1.5 

0.126 

- 0.004 

- 0.024 

1-7 

-0.286 

0.054 

0.054 

1.0 

"0.021 

-0.006 

-0.020 

3.8 

0.116 

-0.063 

-0.027 

0.96 

0.010 

0.001 

0.006 

0.76 

0.003 

0.025 

-0.007 


0.131 

-0.054 

-0.005 


-0.061 

0.104 

-0.005 

0.16 

-0.028 

0.014 

0.002 

1.6 

0.065 

- 0.048 

-O0O5O 

0.36 

-0.025 

-0.027 

-0.003 


- 0.031 

-0.075 

-0.034 

0.4 

0.033 

-0.026 

-0.020 

0.26 

0.086 

0.046 

- 0.024 


-0.011 

-0.016 

0.005 

2.6 

- 0.635 

0.099 

0.056 

2.1 

-0.021 

0.106 

0.048 


0.058 

-0.094 

-0.058 
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TABLE 7-1 
(COmiWUED) 


hd/bd 

Spectral 

Type 



39416 

G 5 Ib-II 

184.2 

-0.5 

39949 

G 2 Ib 

182.7 

1.3 

4328 £ 

G 5 Ib-II 

192.0 

1.2 

47751 

G 5 Ib 

186.5 

10.4 

48616 

P 5 Ib 

209.4 

- 0.1 

58526 

G 3 Ib 

220,8 

5-6 

67594 

G 2 Ib 

223.1 

16.5 

74395 

G 2 Ib 

233.1 

21.1 

77912 

G 8 rb-II 

184.4 

42.2 

161796 

P 3 Ib 

77.2 

30.9 

163506 

P 2 Ia 

51.4 

23.2 

171655 

P 7 Ib 

86.2 

25.0 

172565 

F 9 Ib 

36.3 

5.0 

174104 

GOIb 

58.6 

13.4 

179784 

G 5 Tb 

48.8 

2.1 

180028 

F 6 lb 

41.0 

-2.4 

180583 

F 6 lb-II 

60.6 

7.4 

182296 

G 3 Ib 

44.5 

-3.1 

183864 

G 2 Ib 

59.6 

5.2 

187203 

GOIb 

49.1 

-7.5 

187299 

G 5 Ia'b-Ib 

61.5 

-0.3 

190113 

G 5 lb 

72.1 

2.7 


$ 

r 

6 [c^] 


6 [h] 


-0.115 

0.042 

0.050 

1.7 

-0,053. 

-0.005 

0.021 

1,9 

0.009 

0.029 

0.027 


0.059 

-0.005 

-0.032 


-0.226 

0.054 

0.035 


-0.003 

0.022 

- 0.014 

• 

0.061 

0.005 

-0.069 

0.63 

-0.129 

0.005 

0.013 


0.065 

-0.032 

-0.023 

1.8 

0.615 

-0.020 

-0,018 

5.2^ 

0.376 

-0.077 

-0.006 

0.60 

0.093 

0.028 

0.010 

1.3 

-0.057 

- 0.014 

-0.009 

3.8 

-0.083 

-0.090 

- 0.041 


0.069 

-0.071 

-0.056 

1.4 

-0.032 

-0.036 

-0.007 

0.9 

-0.328 

0.039 

0.021 

1.4 

-0.020 

0.027 

0.119 

2.9 

-0.089 

-0.049 

-0.010 

1.2 

0.105 

-0.065 

-0.012 

2 

-0.227 

0.045 

O.O65 

1.4 

0.133 

-0.074 

-0.058 
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TABIE 7.1 
(COKTIHUED) 


Spectral 


hd/bd 

IJype 


o' 

H 

H 

551777 

? 8 la 

69.1 

0.5 

I 90 if 46 

F 6 lb 

76.2 

4.9 

190525 

GOIa-Iab 

54.7 

- 8.6 

191010 

G 5 Ib 

64.2 

-3.5 

57 ° 3827 

F 5 Ib 

75-6 

2.5 

192715 

G 2 Ib 

65.5 

- 6.4 

192876 

G 5 Ib 

52.5 

- 24.2 

195570 

F 5 Ib 

73-4 

-0.5 

194095 

F 8 lb 

78.2 

1.9 

200102 

Glib 

86.2 

-0.7 

200805 

F 5 Ib 

86.8 

- 1.2 

202514 

G 2 Ib 

76.7 

-12.9 

204022 

GOIb 

92.9 

0.1 

204867 

GOIb 

49.6 

-57.1 

206859 

G 5 Ib 

72.0 

-26.5 

207089 

KOIb 

76.6 

- 22.8 

207489 

F 5 Ib 

88 . 5 - 

-11.5 

207647 

G 4 lb 

95*4 

-5.2 

208606 

G 8 lb 

105.5 

5.5 

209750 

G 2 Ib 

61.0 

- 41.4 

216206 

G 4 lb 

104.1 

-7.7 

218556 

KOIbp 

95.1 

- 51.7 


r 

8 [c^] 

o> 

I — 1 
\ 1 

6 [W] 

5.2 

0.257 

0.084 

-0.017 

5.5 

- 0.124 

-0.010 

- 0.046 

1.1 

0.171 

0.082 

0.040 

2.8 

0.027 

-0.085 

-0.027 

1.7 

o.lio 

“O.055 

-0.005 

0.7 

-0.128 

0.055 

0.065 

0.5 

-0.025 

0.008. 

0.031 

1.0 

0.049 

0.011 

-0.003 

0.22 

0.155 

0.067 

0.026 

1.1 

0.015 

-0.057 

- 0.022 

2.5 

-0.129 

0.062 

0.015 


0.062 

- 0.048 

-0.061 

1.0 

0.120 

- 0.022 

-0.056 

0.5 

0.020 

- 0.020 

0.001 

0.4 

0.070 

- 0.014 

- 0.021 

0.6 

0.022 

0.007 

-0.017 

1.5 

0.176 

-0.055 

0,002 

1.4 

- 0.145 

0.067 

0,105 


- 0.020 

0.085 

0.040 

0.5 

0.081 

- 0.001 

-0.058 

1,0 

0.068 

-0.059 

-0.047 

0.5 

- 0.104 

0.011 

-0.096 
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TABLE 7.1 

(cowtihued) 


Spectral 


hd/bd 

Type 



± 

r 



6 [H] 

219155 

GOIb 

109.6 

-5.8 

1.7 

0.062 

-0.067 

- 0.022 

60° 2552 

F 7 Ib . 

112.8 

0.4 

1.4 

- 0.204 

0.011 

0.012 

221861 

, KOIab 

116.9 ■ 

9.7 

1.2 

-0.032 

0.081 

0.017 

223047' 

a 5 n> 

111,4 

-15.0 

0.7 

- 0.146 

0.050 

0.079 

224165 

G 8 lb 

113.2 

-14.3 


0.038 

0.006 

-0.015 


Distances [Buscombe (196^)-)] are only assigned to stars of good 
photometric quality. 
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WLS 7.2 


AVERAGE DEVIATIONS OF THE POP. X GEPHEIDS ABOUT TBE MEAN COLOR 
LINES DEFINED WITH Col AS HTDEPENDENT COORDINATE 


S'tax 

^XI 

H 

H 

r 




11 Aq.1 

^ij- 0.9 

-15 -1 

0 . 271 l)C 

0.018 

0.003 

0.004 

U Aql 

50.9 

-11,6 

0.65 

0.020 

- 0.055 

-0.007 

FF Aql 

ij-9.2 

6.4' 

0.59 

0.062 

0.014 

0.009 

FM Aql 

k 4.,5 

0.9 

1.00 

-0.095 

-0.020 

0.017 

Vk$6 Aql 

28.2 

- 7-1 

0.92 

0.070 

-0.055 

- 0.046 

RT Aur 

185.1 

8,9 

0-46 

0.01^6 

0.008 

-0.004 

- EX Cam 

145-9 

4-7 

0.96 

0.026 

-0.002 

-0.011 

t 

EY CMa 

226.0 

■ 0.5 

1.52 

-0.070 

0,037 

“0.002 

SU Cas 

155.5 

8.5 

0.55 

-0.005 

-0,003 

0.003 

6 Cep 

105.2 

0.5 

0.27 

0.050 

0.003 

0,002 

X Cyg 

76.9 

- 4.5 

1.08 

0.070 

0.045 

0.069 

SU Cyg 

64 . 8 - 

2-5 

0.86 

-0.145 

~ 0 , 0 l 4 

0,000 

VZ Cyg 

■ 91-5 

-8.5 

1.70 

" 0.030 

0.052 

0.000 

DT Cyg 

76.5 

-10.8 

0.43 

0.001 

0.014 

0.012 

Q 'Gem 

195.7 

11.9 

0-56 

0.056 

0.036 

0.018 

¥ Gem 

197,4 

5.4 

0.94 

0.032 

o.oiS 

0.016 

X Lac 

I06.6 

- 2.5 

1.50 

0,039 

-0.012 

-0.010 

^ ES Ori ' 

196.6 

0.5 

1-79: 

- 0.063 

0.018 

0.014 

A¥ Per 

166-6 

-5.4 

1.20 

-0.228 

-0.053 

0.006 

S Sge 

55.2 

-6.1 

0.66 

0.103 

-0.012 

-0.005 

■ SS Scrt 

25.2 

“1.8 

1,10 

0.039 

- 0.049 

-0.019 

SZ Tana 

179-6’ 

-19.0 

0.5: 

-0.023 

0,005 

0,004 
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TAEIE 7.2 


(COroiKUED) 


Star 


^II 

D 

r 

<6Cc^]> 

(6[m^]> 

<6[n]> 

T Vul 

72.2 

-10.0 

0.6: 

0.052 

0.005 

-0.009 

U Vul 

56.1 

-0.3 

0.6: 

-0.086 

0.015 

-o.oilj- 



I)ABIE 7.3 


REAmLYSIS OF WILLIAMS' LONG PERIOD CEPHEID DATA 


Williams Recalculated 


Star 

E(b-y) 

E(b-y) 

a(E(b-y)) 

. w 


Otll^ 

-6N^ 


6 EI^' 

SZ Aql 

O . k -16 

0.475 

± 0 . 04 l 

-0.036 

-0.034 

- 0.041 

- 0.044 

- 0.048 

-0.050 

IT Aql 

0.594 

0.395 

±0.017 

-0.005 

-0.011 

-0.011 

-0.001 

-0.005 

-0.007 

RX Aur 

0.264 

0.263 

±0.050 

0,028 

0,020 

0.028 

0.018 

0.014 

0.016 

YZ Aur 

0.505 

O.6O8 

±0.207 

0.122 

0.162 

0.144 

0.030 

0.052 

0.058 

ER Aur 

0.504 

0.602 

±0.199 

0.015 

-0.029 ■ 

-0.045 

-0.175 

0.446 

0.510 

RW Cam 

0.668 

0.644 

±0.056 

0.028 

0.015 

0,000 

0.069 

0.087 

0.081 

RW Cas 

0.252 

0.252 

±0.080 

-0.056 

-0.068 

-0.059 

-0.057 

-0.058 

-0.052 

RY Cas 

0.486 

0.486 

±0.050 

0.001 

-0.002 

-0.005 

-0.022 

-0.017 

- 0.014 

SZ Cas 

0 .682 

0.681 

±0.105 

-0.015 

-0.019 

-0.057 

0.000 

-0.003 

-0.007 

CY Cas 

0.756 

0.756 

± 0.104 

- 0.046 

-0.055 

-0.085 

-0.020 

0.000 

0.009 

CP Cep 

0.473 

0.475 

± 0.041 

-0.095 

-0.093 

-0.094 

-0.136 

-0.108 

-0.099 

X Cyg 

0.241 

0.240 

± 0.040 

0.006 

0.000 

0.003 

o.ooi 

-0.002 

-0.002 

SZ Cyg 

0.395 

0.395 

±0.050 

-0.128 

-0.107 

-0.113 

-0.169 

-0.109 

-0.111 
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(continued) 


Williams Recalculated 


Star 

B(t-y) 

E(t-y) 

a(E('b-y) ) 



« K' 

- 61 “ 


6 N^’ 

TX Cyg 

0.995 

0.937 

±0.097 

0.044 

0.020 

0.018 

- 0.003 

0.019 

0.047 

VX Cyg 

0.595 

0.59^ 

±0.028 

-0.020 

-0.028 

-0.035 

-0.038 

-0.045 

-0.047 

CD Cyg 

0.386 

0.386 

±0.035 

0.028 

0.028 

0.028 

-0.038 

-0.020 

-0.017 

KX Cyg 

1 . 27 ii- 

1.273 

±0.517 

-0.065 

0.108 

-0.003 

0.093 

0 .066 

0.092 

V 396 Cyg 

0.849 

0.848 

± 0.084 

-0.076 

-0.072 

-0.075 

- 0.114 

-0.090 ' 

- 0.068 

Y6O9 Cyg 

0.955 

0.954 

±0.015 

-0.110 

-0.118 

-0.128 

-0.069 

-0.059 

-0.065 

M Gem 

0.399 

0.399 


0.042 

0.036 

0.034 

0.030 

0.010 

0.005 

T Mon 

0.216 

0.216 

±0.069 

- 0.004 

0.045 

0.046 

-0.001 

0.026 

0.021 

SV Mon 

0.201 

0.201 


-0.020 

-0.026 

-0.013 

-0.019 

- 0.041 

-0.038 

Y Oph 

0.494 

0.495 

±0.035 

0.014 

-0.016 

-0.017 

0.006 

-0.018 

-0.016 

BM Per 

0.897 

0.992 

±0.289 

0.016 

0.237 

0.128 

-0.051 

0,350 

0.441 

VY Sgr 

1.076 

1.074 

±0.205 

0.091 

0.224 

0.129 

-0.080 

0.100 

0.194 

WZ Sgr 

0.355 

0.353 

±0.045 

-0.022 

0.061 

0.060 

-0.006 

0.071 

0.070 


vji 



aMLE 7.5 


(COOTIKUED) 


Willianns Re calculate d 


Star 

ECb-y) 

E(b-y) 

a(E(b-y)) 



, K' 
6113. 



61^^’ 

AV Sgr 

0.922 

0.920 

^0.017 

0.087 

0,079 

0 . 0 lh 4 

0,021 

0.014 

0.006 

S Set 

0.455 

0.452 

±0.157 

-0.050 

-0,049 

-0.055 

0.002 

0.004 

0.000 

RU Set 

0.816 

0.788 

±0,052 

0.106 

0,084 

G.061 

0.066 

0,028 

0,020 

TiT Set 

0.852 

0.851 

±0.087 

0.085 

0.078 

0,065 

0,046 

0.054 

0.059 

UZ Set 

0.784 

0.753 

±0.157 

0,050 

OcOiS 

0.002 

0.035 

0.049 

0.061 

SV Vul 

0.470 

0.470 

± 0.064 

-0.002 

0.005 

-0.002 

-0.052 

-0.036 

-0.038 

m Vul 

0.951 

0.954 

±0,026 

-0 .127 

-0.115 

-0.150 

-0.026 

-O.OOT 

0.007 


and - 6 n^ are from Williams (I 966 ). 

6m^ and are recalculated values using Williams data and Ms E(m^)/E('b“ 7 ) . 
and 6l5^ are calculated from Williams data using E(tu^)/E(b“y) = -0.125 • 



7«1 M^-supcrcoJ.or for supergiants (left) 



and all liiminoslty classes (right) versus [g] 
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Fig. 7.2 The average Myj logTg-supercolor diagram for cephelds. 

location of the instahility strip is hy Femie (1967c) 
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APPENDIX A 


¥e list in Table , 
observational program. 


STAR iDEiraiFICATIONS 


.1 data which identifies each star in the 
The table gives the name^ catalog numbers. 


spectral class, and equatorial and galactic coordinates for Epoch I965. 



TABLE A.l 


CATALOG OF IDENTIFICATION DATA FOR THE PROGRAM STARS* 





— 

CATALOG NUMBERS 

— 

SPECTRAL 

R 

• A* 

(19651 DEC. 


LI I 

BII 

NAME 

HO 

BO 

GC 

HR 

CLASS 

H 

M 

S 

D 

M 

S 

DEG* 

OES, 







- 

- STANDARD STARS 

— 


‘ 






22 


AND 

571 

45 

17 

169 

27 

F2I r - 

0 

a 

23 

45 

51 

54 

115.5 

-16*2 

33 

•e 

CAS. 

6961 

54 

236 

14 24 

3 43 

A7V 

1 

'8 

54 

54 

57 

32 

125,8 

-7,6 

50 

V 

AND 

9826 

40 

332 

1 948 

45 8 

F8V 

1 

34 

36 

41 

13 

18 

132,0 

-20,7 




10476 

19 

279 

2030 

4 93 

KIV 

1 

40 

36 

20 

5 

57 

138,9 

-41*0 




18331 

-4 

502 

3541 

675 

AIV 

, 2 

54 

49 

-3 

51 

22 

178,3 

-50*9 



PER 

19373 

49 

857 

3740 

937 

GOV 

3 

6 

23 

49 

28 

24 • 

144,6 

-7.4 

1 

Q 

TAU 

21120 

a 

51 1 

40 70 

1030 

GSr I I 

3 

22 

56 

S 

54 

25 

174. 1 

-38,2 

38 

oi 

ER I 

26574 

• -7 

764 

5056 

1298 

F2I n 

4 

10 

9 

-6 

55 

39 

197.3 

-37*5 




27022 

64 

433 

5199 

1327 

G5I I I 

4 

17 

10 

65 

3 

24 

142*7 

10*6 

56 

TT3 

TAU 

27309 

21 

623 

5216 

1341 

A SI 

4 

17 

32 

21 

41 

26 

174. 1 

-19.8 

1 


OR I 

30652 

6 

762 

5675' 

1 543 

F6V 

4 

48 

1 

6 

54 

1 

191.5 

-23, 1 

3 

Z- 

AUR 

31 398 

32 

855 

6029 

1 577 

K3II 

4 

54 

43 

33 

6 

46 

170,6 

-6*2 

54 

. V 

OR I 

39587 

20 

1162 

7419 

2047 

GOV 

5 

52 

1 1 

20 

16 

18 

188,5 

-2. 8 

27 

e 

GEM 

48329 

25 

1406 

3736 

2473 

GBIB 

6 

41 

43 

25 

10 

7 

189.6 

9. 6 

66 


AUR 

57669 

40 

1852 

9850 

2805 

KOI 1 1 

7 

21 

43 

40 

46 

IS 

177,7 

23.2 

3 

3 

CM I 

58715 

8 

1774 

9947 

2845 

B7V 

7 

25 

12 

8 

21 

45 

209,5 

11,7 

62 

P 

GEM 

58946 

32 

1562 

9987 

2852 

FOV 

7 

26 

52 

31 

SI 

20 

187,2 

21,3 

77 

K 

GEM 

62345 

24 

1759 

10403 

2985 

G81 1 I 

7 

42 

20 

24 

29. 

1 

195,9 

22. 0 

SI 


GEM 

62721 

18 

1733 

10456 

3003 

K5I I I 

7 

44 

6 

18 

35 

58 

201,9 

20, 1 

27 


LYN 

67006 

51 

1391 

11018 

31 73 

A2V 

8 

5 

50 

51 

36 

34 

167,2 

32* 6 

4 

6 

HYA 

73262 

6 

2001 

11823 

3410 

AOV 

- 8 

35 

49 

5 

49 

37 

220 ,3 

26, 2 

14 

T' 

UMA 

78362 

64 

723 

1 2646 

. 3624 

F5+A5 

9 

3 

3 

63 

39 

27 

151.2 

39,4 

18 


UMA 

7943<? 

54 

1285 

12761 

3662 

A5V 

9 

13 

41 

54 

10 

4 

163, 1 

42,7 

1 1 


LMI 

3 28 85 

36 

1979 

13242 

3815 

G8IV-V 

9 

33 

34 

35 

58 

1 1 

188,5 

47.8 

' 



83425 

5 

2207 

13316 

3834 

K3I 1 1 

9 

36 

38 

4 

48 

30 

230,2 

38,9 



table A«l 


(CONTINUED) 




— 

CATALOG NUMBERS 


SPECTRAL 

- 1 

R.A 

6 (1965) DEC 

0 

Lll 

3II 

NAME 

HO 

80 

GC 

■ MR 

CLASS 

^ H 

M 

s • 

O 

M 

S 

DEGc - 

OEG* 

y 

LEO 

89484-5 

20 

2467 

14177 

4057 

KOI I IP, 

10 

.17 

59 

20 

1 

27 

216t>6 

S4«6 

47 p 

LEO 

91316 

10 

2166 

14487 ■ 

•4133 

BlIB 

10 

30 

55 

9 

29 

32 

234«9 

52*8 

5 P 

VIR 

102870 

2 

2489 

16215 

4540 

, F8V, 

11 

48 

46 

1 

58 

24 

270oS 

60*8 



103095 

38 

2285 

16253 

4550 ' 

G8VI 

11 

50 

'.55 

37 

58 

36 

168C.5 

73*7 

64 Y 

UM I 

103287 

54 

1475 

16268 

4554 

AOV 

11 

51 

51 

53 

S3 

22 

140«9 

6t*4 

95 

LEO 

103578 

1 6 

2.319 

16311 

4564 

A3V 

1 1 

S3 

52 

15 

50 

29 

2S1«7 

72*7 

16 

VIR 

107328 

4 

2604 

16828 

4695 

K H 1 1 

12 

18 

34 

3 

30 

27 

j 284*3 

65,0 ' 

31 

COM 

1 11812 

28 

2156 

1 7455 

4883 

GOI II 

12 

50 

0 

27 

45 

31 

11 5*4 

89*6 

78 

UMA 

113139 

57 

1408 

17664 

4931 

F2V 

12 

59 

9 

56 

33 

54 

120.4 

60*7 

85 T] 

UMA 

1 20315 

50 

2027 

18643 

5191 

B3V 

13 

46 

. 8 

49 

29 

30 

100*7 

65*3 



1 22563 

10 

2617 

18965 

5270 

GOVI 

14 

0 

5 

9 

51 

17 

349*9 

65»9 

37 Y 

BOO 

127762 

38 

2565 

19607 

5435 

A7III 

14 

30 

40 

38 

27 

38 

67*3 

66* 2 



130109 

2 

286 

1 9834 

5511 

AOV 

14 

44 

23 

2 

2 

54 

355*3 

52*7.. 

41 Y 

SER 

142860 

16 

2849 

21408 

5933 

F6IV-V 

15 

54 

45 

15 

46 

54 

27*8 

45*7 

13 e, 

CRB 

143107 

27 

2558 

2144-0 

5947 

K3I II 

15 

56 

6 

26 

59 

0 

43*7- 

48*8 

15 p 

CRB 

143761 

33 

2663 

21 527 

5968 

G2V 

15 

59 

38 , 

33 

24 

48 

S3* 5 

48*9 

23 P 

DRA 

1 591 81 

52 

2065 

23741 

6536 

G2II 

17 

29 

37 

52 

19 

38 

79.6 

33*3 

30 6 

AQL 

182640 

2 

3879 

26816 

7377 

FOI V 

19 

23 

.38 

3 

2 

12 

39.6 

-6.1 

32 U 

AQL 

182835 

0 

4 20 6 

26838 

7387 

F2IB 

19 

24 

41 

0 

15 

55 

^7*3 

-7*6 

5 Q! 

SGE 

1 65758 

1 7 

4042 

2721 5 

7479 

GOI I 


38 

26 

17 

55 

48 

54.5 

-2.1 



186427 

50 

2848 

27235 

7504 

G5V 

.19 

40 

53 

50 

.25 

54 

83*4 

13*2 

50 Y 

AQL 

1 86791 

10 

4043 

27354 

7525 

K3I I 

19 

44 

30 

10 

31 

0 

48*7 

-7*1 

17 

CYG 

, 187013 

33 

3587 

27369 

7534 

F5V 

19 

45 

1 

33 

-38 

30 

68*8 

4*4 

30 03. 

CYG 

192S14 

46 

2881 

23091 

7730 

A3I I I 

20 

12 

8 

46 

42 

6 

82*7 

6.9 

22 

VUL 

192713 

23 

3944 

28144 

7741 

G2IB 

20 

13 

57 

23 

23 

51 

63.5' 

-6*4 

37 Y 

CYG 

194093 

39 

4159 

28338 

7796 

FBIB 

20 

20 

56 

40 

8 

26 

>8*2 

1*9 



TABLE A. 1 


( CONTINUED) 

CATALOG NUMBERS SPECTRAL 


NAME 


HD 

BD 

GC 

f 

HR 

CLASS 

34 C 

CYG 

202109 

29 

4348 

29661 

81 1 5 

G81 I 

24 z, 

PEG 

210027 

24 

4533 

30932 

8430 

F5V 

23 0 

CEP' 

211336 

56 

2741 

31 135 

8494 

FOIV 

35 

PEG 

212943 

3 

4710 

31377 

8551 

KOI I I-IV 

51 ’ 

PEG 

217014 

19 

50 36 

32003 

8729 

G5V 


— ORDINARY STARS 





4362 

58 

101 

926 

207 

^01 8 




6474 

63 

141 

1332 


GO I A 

34 

tp 

CAS 

7927 

57 

260 

1594 

382 

FOIA 




8906 

59 

258 

1784 


F3 IB 




8992 

58 

249 



F6I8 




9022 

59 

261 

1803 


K3I I I 




9250 

62 

264 

1851 


GO 18 




9366 

54 

315 

1 873 


K3I8 




10494 ■ 

61 

316 



F5 lA 




1 10,92 

.64 

243 

2218 


K5IAB-18 




11900 

59 

363 



K5I8 





59 

366 

\ 


AO IB 




12014 

58 

345 



KO IB 





59 

389 


• 

FO IB 




1 4662 

54 

535 

2863 

690 

F7IB 

1 4 


•PER 

16901 

43 

566 

3278 

800 

GOIB 


r- 

.. 

-17378 

56 

718 

3370 

325 

ASIA 

15 

'n 

PER 

17506 

55 

•714 

3390 

334 

K3IB 


R 

• A • 

(1965) 1 

DEC< 

) 

LI I 

BII 

H 

M 

S 

D 

M 

S 

DEG 0 

OEGo 

21 

1 1 

24 

30 

4 

42 • 

,76 •■8. 

“ 1 2 . 4 

22 

5’ 

16 

' 25 

9 

42 

82.2 

-24.2 

22 

13 

39 

56 

51 

24, 

102.9 

, 0*4 

22 

26 

6 

4 

31 

10 

70*0 

-42.9 

22 

55 

48 

20 

35 

30 . 

90.1 

-34.7 


0 

44 

36 

59 

22 

41 

122.4 

—3. 3 

1 

4 

45 

63 

35 

12 

124.7 

1.0 

1 

17 

52 

58 

2 

54 

126.7 

-4.4 

1 

26 

S3 

59 

51 

1 

127,6 

-2.5 

1 

27 

32 

58 

35 

0 

127.9 

-3.7 

1 

as 

0 

59 

36 

6 

127.8 

-2.7 

I 

30 

IS 

63 

24 

33 

127.5 

1.1 

1 

31 

13 

54 

45 

57 

129.0 

-7.4 

1 

41 

45 

61 

40 

42 

129. 1 

-0.4 

1 

48 

44 

64 

40 

55 

129.3 

2.7 

1 

55 

13 

60 

2 

8 

131,1 

-1.6 

1 

55 

56 

59 

52 

8 

131.2 

-1.8 

1 

57 

23 

58 

59 

2 

131.6 

— 2. 6 

1 

55 

56 

59 

52 

8 

131.2 

-1.8 

2 

21 

21 

55 

12 

7 

135.9 

-5.2 

2 

41 

44 

44 

8 

43 

143.3 

-14.1 

2 

46 

50 

56 

56 

8 

1 38-. 5 

-2.2 

2 

48 

8 

55 

45 

6 

139.2 

-3.2 



TABl_E A-. 1 


(CONTINUED) 






CATALOG NUMBERS 


SPECTRA^ 

R 

; 0 A* 

(1965) DEC# 


LI I 

8II 


NAME 

HO 

- BD 

GC 

HR 

CLASS 

H 

M 

S 

D 

M 

S 

OEGe 

DEG® 




17958 

63 

369 

3497 

861 

K3I A 

2 

53 

30 ' 

64 

11 

30 

136#0 

4.7 




17971 

59 

569 



F5IA 

2 

53 

14 

60 

.14 

58 

137#8 

1.2 




18391 

57 

672 

3673 


GO I A 

2 

57 

9 

57 

31 

29 

139.5 

-1.0 


' 


20 1 23 

50 

729 , 

3883 

969 

G5I I 

3 

13 

41 

50 

48 

34 

144.9 

-5.7 

33 

a 

PER 

20902 

49 

917 

4041 

1 01 7 

F5IB 

3 

21 

44 

49 

44 

5 

146.6 

-5. 9 

41 

V 

PER 

23230 

42 

ais 

4474 

1135 

F5I I 

‘3 

42 

44 

42 

28 

0 

153.8 

— 9. 6 




250 30 

51 

827 



KUB 

3 

53 

25 

52 

4 

1 1 

149.8 

-0.5 




2 so 56 

S3 

722 

, 4797 


GO IB 

3 

58 

55 

53 

46 

8 

148.8 

0.8 




25305 

51 

843 



A2IB 

4 

1 

7 

51 

47 

58 

150.3 

-0.5 




2S291 

58 

690 

4858 

1 242 

FO H 

4 

1 

31 

59 

3 

37 

l45o5 

5.0 

51 


PER 

26 630 

48 

1063 

5099 

1303 

60 I , B 

4 

1 2 

19 

48 

19 

20 

154.0 

-1.8 



31118 

43 

1.124 

5979 


K5IB 

4 

52 

45 

43 

21 

43 

162.4 

-0.0 

7 

6 

AUR 

31964 

43 

1 166 

6123 

1 605 

FO lAP 

4 

59 

23 

43 

46 

20 

162.8 

1.2 

10 B 

CAM , 

31910 

60 

856 

6136 

1 603 

GO IB 

5 

0 

12 

60 

23 

32 

149.6 

11.4 




33299 

30 

• 804 

6319 


K1 IB 

5 

8 

20 

- 30 

45 

19 

174.2 

-5.3 

11 

Of 

LEP 

36673 

-17 

1166 

6375 

1 865 

FOIB 

5 

31 

8 

-17 

50 

48 

219.2 

-24.5 




36891 

40 

1346 

6952 

1884 

G3IB 

5 

34 

26 

40 

9 

42 

169.5 

4.4 




373 19 

28 

856 



F5IB 

5 

40 

20 

28 

59 

4 

179.6 

-0.5 




38247 

1 8 

■ 950 

7187 


G81 AB 

5 

43 

5 

18 

41 

26 

188.7 

-5.4 




38803 

24 

973' 



G3IB-1 I 

5 

47 

15 

24 

13 

30 

184.5 

-1.7 




39416 

25 

1020 

■ 


G3IB-II 

5 

51 

25 

25 

4 

6 

184.2 

-0.5 




39866 

28 

952 

7472 

2066 

A2IB 

5 

54 

20 

28 

56 

1 8 

181.2 

2.1 




39970 

24 

1033 

7483 

2074 

AOIA 

5 

54 

47 

24 

14 

46 

185.3 

-0*2 




39949 

27 

923 



G2IB 

5 

54 

49 

27 

18 

54 

182.7 

1.3 




40297 

27 

938 

7545 


AO IB 

5 

56 

54 

27 

33 

38 

182.7 

1.8 




43282 

19 

1281 



G5I8-I1 

6 

14 

8 

19 

4 

51 

192.0 

1.2 



TABLE A.l 


(CONTINUED) 





- — . 

CATALOG NUMBERS 

— 

SPECTRAL 

R 

t* A« 

(1965) DEC. 


LII 

BlI 

NAME 

HD 

BD 

GC 

HR 

CLASS 

H 

M 

S 

O 

M 

S 

DEG, 

DEG, 

■ 



44033 

14 

1247 

3131 

2269 

K3IB 

6 

18 

4 

14 

40 

3 

196,4 

-0,1 



MON 

44990 

7 

1 273 

82 91 

231 0 

F7I AB 

6 

23 

20 

7 

6 

23 

203,6 

-2.6 




45329 

3 

1367 



KOI A3 

6 

28 

8 

7 

56 

30 

203,5 

-1,1 

13 


M3N 

463 00 

7 

1337 

8506 

2385 

AOIB 

6 

30 

57 

7 

21 

39 

20 4,3 

-0,3 

25 


GEM 

47731 

28 

1 207 

8719 

2453 

,G5IB 

6 

39 

9 

28. 

13 

51 

186,5 

10,4 




48616 

3 

1379 



F5IB 

6 

42 

37 

3 

11 

8 

209.4 ‘ 

-0,1 



* , 

58439 

-18 

1 825 

9899 

2331 

A2IB 

7 

23 

19 

-18 

56 

32 

232.0 

-0, 6 




58526 

-5 

2112 

9923 

2833 

G3IB 

7 

24 

8 

-5 

42 

15 

220,8 

5.6 




59067 

-11 

1951 

9979 

’2859 

G81B 

7 

26 

13 

-1 1 

29 

5 

226, 5 

3. 1 

29 

c 

MON 

67594 

-2 

2450 

11051 

31 88 

G2IB 

8 

6 

50 

-2 

52 

51 

223.3 

16,5 




71952 

S3 

1 259 

11665 

3351 

KOI V 

8 

29 

57 

53 

14 

7 

165,3 

36,4 




74395 

-6 

2708 

12006 

3459 

G2IB 

8 

41 

57 

-7 

6 

24 

233, 1 

21,1 




77912 

39 

2200 

12565 

3612 

G8IB-1 1 

9 

4 

19 

38 

35 

36 

184,4 

42,2 

17 

e 

LEO, 

84441 

24 

2129 

13443 

3873 

GOI 1 

9 

43 

49 

23 

56 

27 

206,8 

46,2 

30 

T1 

LEO 

87737 

17 

2171 

13899 

3975 

AOIB 

10 

5 

26 

16 

56 

3 

219.6 

so, 8 

65* 


LEO 

96436 

2 

2387 

15282 

4319 

G7 

11 

5 

7 

2 

a 

45 

253.7 

54,5 




111631 

0 

2989 

17435 


M0»5V 

12 

48 

55 

0 

34 

27 

302,6 

63,3 




128750 

18 

2906 

19726 

5462 

K2 

14 

36 

37 

18 

26 

58 

18,8 

63,9 

A5 


800 

134083 

25 

2873 

20342 

5634 

F5V 

15 

5 

46 

25 

0 

16 

36, 5 

59,5 




148743 

-7 

4305 

22187 

6144 

A7I8 

16 

28 

33 

-7 

26 

16 

8.8 

27,2 

13 

C 

O^H 

1 49757 

-10 

4350 

22332 

61 75 

09*5V 

16 

35 

10 

-10 

30 

0 

7,2 

24,2 




161796 

50 

2457 

24113 


F3T8 

17 

44 

2 

50 

3 

28 

77,2 

30.9 

89 


HER 

1 €3506 

26 

3 120 

24382 

6685 

F2IA 

17 

53 

58 

26 

3 

16 

51,4 

23,2 




163800 

-22 

4474 

24456 


□ 8 

17 

56 

45 

-22 

31 

0 

8,0 

1*2 




168913 

29 

3241 

250 56 

6876 

F9IB 

18 

1 9 

36 

29 

50 

28 

57,4 

19.2 

45 

* 

DR A 

171 635 

56 

2 113 

25362 

6978 

F7IB 

18 

31 

57 

57 

1 

3 

86,2 

25.0 


200 



TABLE A# I 


(CONTINUED) 





— 

CATALOG NUMBERS 

— 

SPECTRAL 


R o A 

0 <19651 1 

DEC 

« 

LII 

BlI 


NAME 

HD 

BO 

GC 

HR 

CLASS 

H 

• M 

S 

D 

M 

s- 

DEG» 

DEG. 




172365 

5 

3891 

25520 

7008 

, F9IB 

■ 18 

37 

50 

5 

13 

48 

36» 3 

5.0 




1 73638 

- 10 

4797 

25718 

7055 

F2I B- I I 

18 

44 

44 

-10 

9 

54 

23®7 

-3.4 




174104 

28 

3085 



GOIS 

IS 

46 

21 

28 

41 

3 

58»6 

13*4 




1 79784 

14 

3829^ 

26483 


G5I8 

19 

1 1 

40 

14 

58 

29 

48«8 

2*1 




180028 

5 

4087'^ 

26514 


F6I8 

19 

12 

59 

5 

59 

5 

41.0 

-2.4 




180583 

27 

3314 

26562 

7308 

F6I8-I I 

19 

14 

33, 

27 

51 

43 

60.6 

T*4 




1 82296 

8 

4072 



G3IB 

19 

22 

0 

8 

35 

28 

44»3 

-3*1 




183864 

24 

3768 



G2IB 

19 

29 

10 

25 

1 

54 

59.6 

3*2 




137203 

10 

4058 

27413 

7542 

GOIB , 

. 19 

46 

48 

lb 

36 

12 

. 49.1 

-7*5 




1 87299 

24 

3889 



G5IAB-IB 

19 

46 

56 

24 

54 

52 

61.5 

-0.3 




226223 

38 

3790 



F6IB 

19 

50 

22 

38 

39 

42 

73.7 

. 6.0 




1901 13 

35 

3920 



G5I8 

20 

0 

40 

35 

31 

36 

.72. 1 

. 2*7 




331777 

31 

3907 



F8I A 

20 

1 

49 

31 

49 

8 

69.1 

0*'5 




190446 

39 

4020 



F6IB 

20 

2 

7 

40 

9 

42 

76.2 

4*9 




190323 

14 

4158 

27819 


GOI A-I AB 

20 

2 

10 

14 

52 

49 

54.7 

— 8* 6 




190403 

29 

3873 

27825 


G51B-II 

20 

2 

19 

29 

53 

23 

67*5 

—0* 6 




1910 10 

25 

4103 

. 


G3I8 

20 

5 

22 

25 

34 

6 

64«2 

-3*5 




191423 

42 

3599 



09V 

20 

6 

50 

42 

30 

0 . 

78.6 

5*4 





37 

3627 



F3IB 

20 

1 1 

28 

38 

16 

40 

75. 6 

2*3 

32 

02 

CYG 

192909 

47 

3059 

28160 

7751 

K3I8-I I 

20 

14 

24 

47 

36 

21 

83.7 

7*0 

5 

oil 

CAP 

1 92876 

-12 

5683 

281 89 

7747 

G3I8 

20 

1 5 

39 

-12 

37 

15 ^ 

32.3 

-24*2 

3S 


CYG 

193370 

34 

3967 

28242 

7770 

F5IB 

20 

17 

16 

34 

52 

9 

73.4 

-0*5 




1 93469 

38 

4003 

28255 


K5I B 

20 

1 7 

41 

38 

53 

36 

76.8 

1.7 

A 1 


CYG 

1 95295 

29 

4057 

28513 

7834 

F5I I 

20 

27 

55 

30 

14 

50 

70.9 

-5.0 

42 


CYG 

195324 

35 

4141 

28515 

7835 

A1I8 

20 

28' 

0 

36 

20 

14 

75.9 

-1.5 

44 


CYG 

195593 

36 

4 105 

28551 

7847 

F5I AB 

20 

29 

37 

36 

48 

49 

76.4 

-1.4 
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TABLE A.l 


(CONTINUeo) 





— 

CATALOG numbers 

— 

SPECTRAL 

R 

• A« 

<1965) DEC* 


LI I 

BI I 

NAME 

HO 

BO 

GC 

HR 

CLASS 

H 

M 

S 

D 

M 

S 

DEG* ' 

DEG, 

47 


CYG 

196093 

34 

4C79 

28630 

7866 

K2£B 

20 

32 

32 

35 

. 7 

48 

75*4 

-2,9 

8 

0 

DEL 

196725 

12 

4411 

28743 

7892 

K31B 

20 

37 

4 

13 

11 

28 

58*0 

-16,6. 




200102 

44 

3661 

29323 


GlIB 

20 

58 

37 

44 

51 

33 

86*2 

“0,-7 




200805 

44 

3688 



F5I B 

21 

2 

53 

45 

0 

12 

86*8 

-1*2 

62 

1 

CYG 

200905 

43 

3800 

294 59 

8079 

K51B 

21 

3 

39 

43 

47 

15 

86,0 

-2.1 




202314 

29 

4354 

29695 

8126 

G2IB 

21 

12 

40 

29 

45 

20 

76*7 

-12,9 




204022 

49 

3516 



GO IB 

21 

22 

55 

50 

17 

45 

92*9 

0,1 

22 


AOR 

204867 

-6 

5770 

30137 

8232 

GO IB 

. 21 

29 

40 

~5 

43 

SO 

49,6 

-37,1 




205349 

45 

3584 

301 89 

8248 

K1 IB 

21 

31 

57 

45 

41 

37 

90*0 

-4,3 




206312 

48 

3457 

30335 


Kill 

21 

38 

37. 

48 

58 

8 

93*9 

-2.6 

8 

e 

PEG 

206778 

9 

4891 

30431 

8308 

K2IB 

.21 

42 

28 

9 

42 

49 

65*6 

-31,5 

9 


PEG 

206359 

16 

4582 

30444 

8313, 

G51B 

21 

42 

48 

17 

11 

2 

72.0 

-26,5 

12 


PEG 

207039 

22 

4472 

30479 

8321 

KOIB 

21 

44 

25 

22 

46 

55 

76*6 

-22,8 

10 

V 

CEP 

207260 

60 

2286 

30433 

8334 

A2IA 

21 

44 

26 

60 

57 

31 

102,3 

5.9 




207439 

38 

4611 

30 534 


F5IB 

21 

46 

49 

38 

47 

17 

88*3 

-11.3 




207647 

49 

3631 

30557 


G4IS 

21 

47 

47 

49 

30 

49 

95.4 

-3,2 




207673 

40 

4648 

30566 

8345 

A2IB 

21 

48 

15 

40 

59 

6 

90,0 

-9.8 




203606 

60 

2318 

30702 

8374 

G8IB 

21 

54 

18 

61 

22 

31 

103*5 

5,5 

1 4 


CEP 

209481 

57 

2441 

30837 

8406 

□ 9V ' 

22 

1 

2 

57 

49 

0 

102.0 

2,2 

34 

(X 

AQR 

209750 

- 1 

4246 

30896 

8414 

G2I B 

22 

3 

56 

0 

29 

44 

61 .0 

-41,4 




210221 

52 

3114 

30958 

8443 

A3I8 

22 

6 

7 

53 

8 

9 

99*8 

-2,0 

21 

C 

CEP 

210745 

57 

2475 

31044 

8465 

K1 IB 

22 

9 - 

.36 

58 : 

: 1 

24 

103,1 

1,7 

10 

LAC 

214680 

38 

4826 

31626 

8622 

09V 

22 

37 

37 

38 

51 

0 

96,6 

-17,0 




-216206 

49 

3954 

31858 

8692 

G4IB 

22 

48 

37 

50 

29 

9 

104,1 

-7,7 




216946 

48 

3887 

31939 

8726 

K51B 

22 

54 

53 

49 

32 

46 

104,6 

-9.0 




217476 

56 

2923 

32063 

8752 

GOIA 

22 

58 

34 

56 

45 

7 

100,2 

-2,7 
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TABLE A*1 


(CONTINUED) 




— 

catalog numbers 

— 

SPECTRAL 


R • Ai 

• (1965) DEC 

» 

LI I 

BII 

NAME • 

HD 

BO 

GC 

HR 

CLASS ' 

H 

M 

S 

D 

M 

S 

DEG* 

DEG. 

56 

PEG 

216356 

24 

4716 

32201 

8796 

KOIBP 

23 

5 

21 

25 

16 

25 

95*1 

-31.7 



219135 

55 

2919 

32 322 


GOIB 

23 

11 

17 

56 

20 

26 

109.6 

-3.8 




60 

2532 



F71B 

23 

22 

42 

61 

24 

0 ' 

112.8 

0.4 



221861 

70 

1327 

32793 

8952 

KOIAB 

23 

33 

24 

71 

26 

35 

116.9 

9.7 

' 


222574 

-la 

6358 

32911 

8982 

GOl I ■ 

23 

39 

54 

-18 

0 

59 

59.5 

-71.4 

20 

■|r and 

223047 

45 

4321 

32988 

9003 

G5I8 

23 

44 

14 

46 

13 

13 

111.4 

-15.0 

7, 

p CAS 

224014 

56 

3111 

33160 

9045 

F8I AP 

23 

52 

37 

57 

18 

16 

1 l5o3 

-4.5 



224165 

46 

4214 

331 83 

9053 

G8IB 

23 

53 

47 

47 

9 

40 

1 13.2 

-14.5 


VARIABLE STARS — 


TU 

CAS 

2207 

53 

72 •, 



CW 

0 

24 

22 

51 

4 

48 

1 18.9 

-11.4 

DL 

CAS 


59 

65 



C-DELTA 

0 

27 

58 

60 

1 

14 

120.3 

-2. 6 

SU 

CAS 

17463 

68 

200 

3403 

829 

c-oelta 

2 

48 

44 

' 68 

44 

24 

133.5 

8.5 

RX 

CAM 

25361 

58 

694 



C-OELTA 

4 

1 

59 

58 

33 

48 

145.9 

4. 7 

SW 

• tau 


3 

601 



CW 

4 

22 

39 

4 

2 

33 

190.2 

-29.9 

SZ 

TAU 

29 260 

18 

661 

,5621 


C 

4 

35 

9 

18 

28 

18 

179.5 

- 18.8 

AW 

PER 

30282 

36 

937 



C-DELTA . 

4 

45 

22 

26 

39 

54 

166.6 

-5.4 

ST 

TAU - 

38 262 

13 

971 



CW 

5 

43 

1 

13 

33 

42 

193.1 

-8. 1 

RS 

QRI 

44415 

14 

1259 



C-OELTA 

6 

20 

1 0 

14 

41 

48 

196.6 

0.3 

RT 

AUR 

45412 

30 

1 233 

8371 

2332 

C-DELTA 

6 

26 

15 

• 30 

31 

6 

183.2 

8.9 

W 

GEM 

46595 

15 

1246 

8560 


C-DELTA 

6 

32 

54 

IS 

21 

42 

197.4 

3.4 

c 

GEM 

52973 

20 

1687 

9313 

2650 

C-DELTA 

7 

2 

2 

20 

38 

23 

195.8 

11.9 

RV 

CM A 

56450 

-11 

1 867 



C-DELTA 

7 

14 

57 

-1 1 

25 

18 

225.3 

0.7 

AL 

VIR 

1 23934 

-12 

3993 



CW 

14 

9 

15 

-13 

8 

49 

331.2 

45.4 

SS 

sct 

173058 

-7 

4663 



C-DELTA 

18 

41 

46 

-7 

46 

12 

26.6 

-l.l 



TABLE A*1 


(CONTINUED) 




— 

CATALOG NUMBERS 

— 

SPECTRAL 


R. A 

. . < 1965) ! 

DEC* 


, LI I 

B1 1 

NAME ' 

HO 

BD 

GC 

HR 

CLASS 

H 

M 

S 

D 

M 

S 

DEG* 

DEG* 

FF. 

AQL 

176155 

17 

3799, 

26052 

7165 

C-DELTA 

. IS 

56 

39 

.17 

18 

42 

49*2 

6*4 

VA96 AQL 

, 178287 

-7 

3861 



C-DELTA 

19 

6 

24 

-7 

29 

42 

29. 1 

-6.7 

FM 

AQL 

178695 

10 

3800 



C-DELTA 

19 

7 

34 

10 

30 

0 

44*4 

0*9 

U 

AQL. 

183344 

-7 

4968 

26905 

7402 

C-DELTA- 

19 

27 

24 ■ 

-7 

7 

12 

31*1 

"11,. 5 

U 

VUL 

1 65059 

20 

4200 

27119 ' 

7458 

C 

19 

35 

3 

20 

1.5 

6 

■ 56* 1 

-0*3 

su 

CYC 

186688 

28 

3460 

27336 

7518 

C-DELTA 

19 

43 

21 

29 

10 

36, ■ 

64* 8 

2.5 

. i 

AQL 

i 87929 

0 

4337 

27517 

7570 

C-DELTA 

19 

50 

39 

0 

54 

36 

40*9 

-13.1 

s 

SGE 

188727 

16 

4067 

27601 

7609 

C-DELTA 

19 

54 

24 

16 

32 

24 

55*2 

-6.1 

X 

CYG 

197572 

35 

4234 

■ 28836 

7932 

C-DELTA 

20 

41 

59 

35 

27 

24 

76*9 

-4*3 

T 

VUL 

198726 

27 

3890 

29089 

7988 

C 

20 

49 

56 

28 

6 

48 

72. 1 

-10.2 

DT 

cyg 

201078 

30 

4318 

29502 

8084 

C-DELTA 

21 

5 

0 

31 

2 

1 6 

76.6 

-10.8 

AU 

PEG 


17 

4572 



CW 

21 

22 

20 

18 

7 

24 

■■ 69*1 

-22.3 

VZ 

CYG 


42 

4233 



C-DELTA 

21 

SO 

14 

42 

67 

54 

91.6 

-8.5 

6 

CEP, 

213306 

57 

2548 

, 31421 

8571 

C-DELTA 

22 

27 

49 

58 

13 

48 

105.2 

0.5 

X 

*LAC 

216105 

'55 

2817 



C-DELTA 

22 

47 

34. 

56 

14 

18 

106*6 

-2.5 


■»?os 



APPENDIX B 


DATA FROM WILLI/^ AHD S'CR^MGREN 

In Table B.l we give -data for the stars taken from Williams' (1966) 
study that were used in determining the mean color lines for luminosity 
classes Y, lY, III and II. For each star we give its Henry Draper 
number_, and its spectral type. The reddening -free color data is that 
derived from the original work^ the same quantities transformed to our 
system according to the equations given in Chapter and the results 
from this investigation. The Table B .2 is of identical form, but here 
the data comes from the StrGmgren-Perry catalog (1962) . 
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TABLE B.l 


COMPARISON OF WILLIAMS* ORIGINAL AND TRANSFORMED 
REDDENING- FREE COLORS TO THOSE OF KELSALL*S* 


HD 

SPECTRAL 

TYPE 

STATE OF ' 
THE DATA 

(Cl) 

(Ml ) 

(G) 

(N) 

571, 

F2I I 

ORIGINAL 
TR ANSFORMEO 
KELSALL 

1.C22 

1*022 

1.038 

-0 • 546 
0*173 
0*172 

-0.185 
-0.041 
-0.039 ■ 

.0*217 

0*357 

C*3S7 

7927 

FOl A 

ORIGINAL 

TRANSFORMED 

KELSALL 

1*152 

1*180 

1*403 

-0*553 
0.168 
• 0*109 

-0. 185, 

-0*041 

-0.037 

0.197 

0*336 

0.321 

18331 

AIV 

ORIGINAL 

TRANSFORMED 

KELSALL 

1*161 

1*192 

1*033 

-0*516 

0*194 

0*170 

—0* 262 
-0* 132 

0.208 
0 * 348 

18391 

f 

GOI A 

original 

TRANSFORMED 

KELSALL 

0*202 

0*230 

0*355 

-0*172 

0*481 

0*523 

-0.050 
0. 103 
0.084 

0.299 

0*447 

0.435 

20902 

F5IB 

ORIGINAL 

TRANSFORMED 

KELSALL 

1*002 

0*998 

1*049 

-0.459 

0*236 

0*228 

-0* 162 
-0.015 
-0.026 

0*242 

0*384 

0*379 

21120 • 

G8I II 

ORIGINAL 

TRAN^ORMED 

KELSALL 

, 0W368 
0.361 
0*399 

-0*289 

0*374 

0*396 

-0*050 
0, 103 
0. 107 

0*303 

0.451 

0*459 

27022 

G5I II 

ORIGINAL 

TRANSFORMED 

KELSALL 

0*362 

0*356 

0*375 

-0*323 

0*345 

0*343 

-0»076- 
0. 077 
0.093 

0.284 

0.430 

0*414 

30652 

F6V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0*476 

0.454 

0*357 

-0*499 
0*207 
G « 22 1 

-0. 155 
-0*007 
-0*004 

0*201 

0.340 

0*344 

36673 

FOIB 

OR IGINAL 

TRANSFORMED 

KELSALL 

1*385 
1*488 
1* 462 

-0*50 1 
0*205 
0.206 

-0* 193 
-0.050 
-0*050 

0*229 

0*370 

0.329 

38247 

G8I AS 

ORIGINAL 

TRANSFORMED 

KELSALL 

-0*057 
. 0.055 
0*077 

0*160 

0*834 

0*820 

0*066 
0.210 
0* 193 

0*543 

0.724 

0.715 

46300 

AOI 8 

ORIGINAL 

TRANSFORMED 

KELSALL 

0*990 

0*984 

0*976 

-0*646 

0.107 

0*090 

-0*213 

-0.073 

-0*064 

0.212 
0*352 
0. 360 
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HD 

48329, 

58946 

67694 

73262 

111812 

113139 

122563 

14286D 

159181 

182835 


TABLE B«1 
CCONTINUEDJ 


SPECTRAL 

TYPE 

STATE OF 
THE DATA 

s 

(Cl) 

(Ml J 

(6) 

(N> 

G8I8 

OR IGINAL 

TRANSFORMED 

KELSALL 

0.029 
0» 109 
0«098 

0.139 
0.810 
0.81 0 

0.066 
0.21C 
Oo 196 

0.559 

0.743 

0.744 

FOV 

ORIGINAL 
TR ANSFORMED 
KELSALL 

0. 682 
0o650 
0« 587 

-6.513 

0.196 

0.178 

-0.204 

-0.063 

-0.062 

0^223 

0.364 

0.362 

G2I8 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.343 

0.340 

0.337 

-0.226 

0.430 

0.505 

-0.041 
0. 112 
0. 119 

0*320 

0*470 

0.465 

AOV 

ORIGINAL 

TRANSFORMED 

KELSALL 

1. 197 
1.237 
1.062 

-0.540 

0.177 

0.171 

-0.247 
-0. 114 

0.205 
0 . 344 

GOI 1 1 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.362 

0.356 

0.383 

-0.41 1 
0.273 
0.228 

-0. 103 
0.049 
0.055 

0*180 

0*317 

0.318 

F2V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.667 

0.635 

0.533 

-0.50 3 
0.204 
0.208 

*-0.183 

-0.038 

-0.047 

0*215 

0*355 

0.358 

GOVI 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.3T3 

0.365 

0.458 

-0.493 
0.21 1 
0.189 

-0. 131 
0.019 
0.026 

0.211 

0.351 

0*351 

F6I v-y 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.483 

0.460 

0.370 

-0,506 
0.20 1 
C.186 

-0. 143 
0. 006 
0.004 

0*190 

0*328 

0*327 

G2I I 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.338 

0.336 

0.371 

-0.283 

0.379 

0.394 

-0.056 
0,097 
0. 101 

0 .265 
0.410 
0.414 

F21B 

ORIGINAL 
TR ANSFORMED 
KELSALL 

1.252 
1 « 309 
1.410 

-C.55 1 
0. 170 
0.144 

-0. 194 
-0.051 
-0.065 

0.219 

0.359 

0.365 

GOI 1 

ORIGINAL 

TRANSFORMED 

KELSALL 

0. 424 
0*409 
0.434 

-0*363 

0.312 

0*315 

-0.085 

0.068 

0.071 

0*262 
0.406 
0.41 1 


1 85758 
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TABLE B. 1 


(CONTINUED) 



SPECTRAL 

TYPE 

STATE OF 
THE DATA 

{ Cl ) 

(Ml ) 

✓ 

< G> 

<N) 

186427 

G5V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0*408 

0*395 

0*346 

-0*445 

0.247 

0*239 

-0*076 

0.077 

0*078 

0.159 
0*295 
G • 297 

186791 

K3I 1 

ORIGINAL 

TRANSFORMED 

KELSALL 

0*OC 1 
0.091 
0-C84 

0.243 

0.935 

0.896 

0* 1 19 
0* 253 
0.261 

0*479 

0.650 

0*655 

192713 

G2I8 

OR IGINAL 

TRANSFORMED 

KELSALL 

0* 236 
0*2SS 
0. 232 

-0*195 

l>*459 

0*483 

-0.058 
0* 095 
0.0 98 

0*345 

0*498 

0*527 

193370 

F5IB 

ORIGINAL 

TRANSFORMED 

KELSALL 

C. 873 
0*851 
0. 964 

-0*426 

0*261 

0*256 

-0. 148 
0* 001 
-0.008 

0.248 

0*391 

0.383 

200905 

K5IB 

OR IGINAL 

TRANSFORMED 

KELSALL 

-0*063 

0.051 

-0*001 

0* 27 9 
0.979 
0*923 

0, 143 
0. 272 
0. 267 

C.423 

0*586 

0.575 

20 4867. 

G0I8 

OR IGINAL 

TRANSFORMED 

KELSALL 

0. 477 
0*455 
0*503 

-0*285 

0.378 

0.367 

-0.069 

0.084 

O.G70 

G . 270 
0*415 
0*424 

206778 

K2IB 

ORIGINAL 

TRANSFORMED 

KELSALL 

— 0 • 00 8 
0*085 
0*043 

0*204 

0*837 

0*940 

0. 106 
0. 243 
0. 256 

0*496 

0.670 

0.671 

206359 

65IB 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.191 
0*222 
. 0*252 

-0*101 

0*550 

0.568 

-D.014 
0. 138 
0* 148 

0*433 
0*597 
C.60 5 

207673 

A2IB 

ORIGINAL 

TRANSFORMED 

KELSALL 

0*936 
0*922 
1 *00 7 

-0.549 
0*13 5 
0.029 

-0. 187 
-0*043 

0.198 

0.337 

21 1336 

FOI V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.853 

0*829 

0*729 

-0*481 

0*220 

0*228 

-0. 223 
-0.085 
-0.079 

0.227 

0.368 

0.357 

217014 

G4V 

ORIGINAL 
TR ANSPORMEO 
KELSALL 

0.437 
Ce 420 
0*341 

-0*444 
0*248 
0.28 5 

-0.089 

0.063 

0.C83 

(5.167 

0.303 

0*330 
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TABI_E Bol 


(CO NTINUEO) 


SPECTRAL STATE OF 



TYPE 

THE DATA 

< Cl ) 

CM! 

) 

(G) 

(N) 

217476 

GOT A 

ORIGINAL 

0« 326 

-0®14 

1 

-O-C70 

C-.287 



TRANSFORMED 

0o326 

OeSl 

1 

O* 0 83 

0.434 



KELSALL ■ 

0« 358 

0«55 

1 

0*063 

Oo 451 
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TABLE S*2 


COMPARISON OF STROMGREN»S ORIGINAL AND TRANSFORMED 
REDDENING-FREE COLORS TO THOSE OF KELSALL'S* 



SPECTRAL ^ 

STATE OF 



HD 

TYPE 

THE DATA 

<C1 ) 

(Ml > 

571 

F2I I 

ORIGINAL 

1.050 

0.156 



transformed 

1.034 

O.i'61 



KELSAUL. 

1 .338 

0. 172 

6061 

A7V 

ORIGINAL 

0*985 

0.224 



TRANSFORMED 

0.971 

0.222 



KELSALL 

0.946 

0.245 

G826 

F8V 

ORIGINAL 

D.361 

0.221 



TRANSFORMED 

0.369 

0.220 



KELSALL 

0.390 

0. 202 

10476 

K1 V 

ORIGINAL 

0.226 

0.428 



TRANSFORMED 

0.238 

0.418 



KELSALL 

0.30 9 

0. 364 

17378 

ASIA 

ORIGINAL 

1.32 1 

-0.034 



TRANSFORMED 

1.29 2 

-O.OOG 



KELSALL 

1.27 4 

0.010 

18331 . 

A1 V 

ORIGINAL 

1.054 

0.172 



TRANSFORMED 

1.038 

0.175 



KELSALL 

1.033 

0. 17C 

19373 

GOV 

ORIGINAL 

^ 0.325 

Oo 248 



TRANSF or MED 

0.334 

0.244 



KELSALL 

0.366 

0.217 

21120 

G8I I I 

OR IGINAL 

0.348 

0.402 



TRANSFORMED 

0.35 6 

0.392 



KELSALL 

0*399 

0. 396 

23230 

F5I I 

ORIGINAL 

0.936 

0. 218 



TRANSFORMED 

0.924 

0.217 



KELSALL 

0.932 

C.231 

25291 

FOI I 

ORIGINAL 

1.440 

0. 155 



TR ANSFORMED 

1 .405 

C. 160 



KELSALL 

1.414 

0^174 

26574 

F2I I I 

ORIGINAL 

9.766 

C.222 



TRANSFORMED 

0.761 

0. 221 



KELSALL 

0.742 

0.271 



TABLE B«2 


(CONTINUED) 



SPECTRAL 

STATE OF 



HD 

TYPE 

THE DATA 

(Cl > 

(Ml ) 

27022 

G5I I 1 

ORIGINAL 

0«334 

0*354 



TRANSF ORMED 

0 *34 3 

0*345 



KELSALL 

0*375 

0*343 

2730 9 

A SI 

ORIGINAL 

0*55 3 

0. 196 



TRANSFORMED 

0*555 

0.197 



KELSALL 

0*535 

0* 198 

30652 

F6V 

ORIGINAL 

0*373 

0* 199 



TRANSF ORMED 

0*38 1 

0*200 



KELSALL 

0*357 

0* 221 

31398 

K3I I 

ORIGINAL 

0.181 

0.892 

1 


TRANSFORMED 

0*194 

0*926 



KELSALL 

0*102 

0* 935 

395 87 

GOV 

ORIGINAL 

0*256 

0* 240 



TRANSFORMED 

0*267 

0* 237 



KELSALL 

0*263 

0* 226 

39866 

A2IB 

ORIGINAL 

1*436 

0*046 



TRANSFORMED 

1.40 1 

0.066 



KELSALL 

1.463 

0*061 

48329 

G818 

ORIGINAL 

0*163 

0*769 



TRANSF ORMED 

0*176 

0.783 



KELSALL 

0*098 

0* 810 

58715 

B7V 

ORIGINAL 

0.80 6 

0* 108 



TRANSF ORMED 

0*80 0 

0.119 



KELSALL 

0*78 7 

0. 1C9 

58946 

FOV 

ORIGINAL 

0*582 

0* 183 



TRANSF ORMED 

0.58 3 

0* 185 



KELSALL 

0.58 7 

0.178 

62345 

G8I 1 1 

ORIGINAL 

0*32^1 

0.452 



TRANSFORMED 

0.330 

O'. 442 



KELSALL 

0*348 

0. 435 

62721 

K5I T I 

ORIGINAL 

0*31 8 

0* 861 



TRANSF ORMED 

0*327 

0* 890 



KELSALL 

0.3C 8 

■0.881 



TABLE B#2 


(CONTINUED) 



SPECTRAL 

STATE OF 



HD 

TYPE 

THE DATA 

(Cl > 

(Ml ) 

670 06 

A2 V 

ORIGINAL 

1.096 

0. 153 



TRANSFORMED 

1 *078 

0.158 



KELSALL 

1.066 

0.176 

78362 

F5+AS 

ORIGINAL 

0.694 

0. 265 



TRANSF OR MED 

0.692 

0.260 



KELSALL 

0.653 

0.288 

79439 

A5V 

ORIGINAL 

0.877 

0.210 



TRANSFORMED 

0.86 8 

0.210 



KELSALL 

0.845 

0.225 

82885 

G8I V-V 

ORIGINAL 

0.31 2 

0.369 



TRANSFORMED 

0.32 1 

0.360 


' 

KELSALL 

G .3S6 

0.304 

S4441 

GO XI 

ORIGINAL 

0.388 

0.338 



TRANSFORMED 

0.39 5 

0.330 



KELSALL 

0 .41 6 

0.332 

D894 84 

KOI IIP 

ORIGINAL 

0.281 

O. 543 



TRANSFORMED 

0.291 

0,536 



KELSALL 

0 *3C 8 

0.533 

91316 

B1 IB 

ORIGINAL 

-0.037 

0.028 



TRANSFORMED 

-0.020 

0.051 



KELSALL 

-0,058 

O.C14 

102870 

F8V 

ORIGINAL 

0.366 

0.232 



TRANSFORMED 

0.374 

0.230 



KELSALL 

0.397 

0. 206 

1030 95 

G8VI 

ORIGINAL 

0.124 

0.272 



TRANSFORMED 

0.138 

0.267 



KELSALL 

0.134 

0.275 

103287 

AOV 

ORIGINAL 

1.110 

0.171 



TRANSFORMED 

1.09 1 

0. 174 



KELSALL 

1.075 

0.165 

103578 

A3V 

ORIGINAL 

1.099 

0. 176 



TRANSFORMED 

1.081 

0.179 



KELSALL 

1.064 

0.202 



TABLE B,2 


(CONTINUED) 


HD 

107328 
111812 
113139 
120315 
122563 
127762 
130109 
1340 83 
142860 
143107 


SPECTRAL 

TYPE 

STATE OF 
THE DATA 

<C1 ) 

(Ml) 

K1 I 1 1 

ORIGINAL 

0.418 

0. 572 


transformed 

C.424 

0.566 


KELSALL 

0.438 

0.593 

GOI II 

ORIGINAL 

0.349 

O. 247 


TRANSFORMED 

0.357 

0. 244 


KELSALL 

0.383 

0.228 

F2V 

ORIGINAL 

0.544 

0.200 


TRANSFORMED 

0 i547 

0.20G 


KELSALL 

0.533 

0. 208 

B3V 

ORIGINAL 

0.3G9 

0. 086 


TRANSFORMED 

0.31 8 

0. ICO 


KELSALL 

0.28 9 

0.081 

GOVI 

OR IGINAL 

0.472 

0. 169 


TRANSF OR MED 

0.477 

C* 173 


KELSALL 

0.458 

6.189 

A7I II 

ORIGINAL 

0.992 

0. 205 


TRANSFORMED 

0.978 

0.205 


KELSALL 

0.965 

q. 218 

AOV 

ORIGINAL 

1.080 

0. 134 


TR ANSF OR MED 

1.062 

0. 142 


KELSALL 

1.044 

0. 154 

F5V 

ORIGINAL 

0.4T 1 

Oa 201 


TRANSFORMED 

0.41 8 

0*201 


KELSALL 

0.41 5 

0. 160 

F6 1 V— V 

ORIGINAL 

0.36C 

0. 193 


TRANSFORMED 

0.368 

0. 194 


KELSALL 

0.370 

0.186 

K31 1 1 

ORIGINAL 

0.313 

0. 666 


TRANSFORMED 

0 .322 

0.668 


KELSALL 

0.328 

0.670 

G2V 

ORIGINAL 

0.269 

0. 232 


TRANSFORMED 

0 .279 

0. 230 


KELSALL 

0.321 

0.205 


143761 



TABLE B#2 


HO 

1591 81 

182640 

185758 

186427 

186791 

187013 

192514 

1940 93 

207260 

210027 


(CONTINUED! 


SPECTRAL 

TYPE 

STATE OF 
the oata- 

(Cl ) 

(Mi ) 

G2II 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.341 

0.350 

0.371 

0.399 

0.389 

0.394 

FOl V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.685 

0.683 

0.685 

0. 191 
0.192 
0.212 

GO! I 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.398 
0.40 5 
0.434 

0.323 

0.315 

0.315 

G5V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.298 

0.308 

0.346 

0. 278 
0.272 
0.239 

K31 1 

ORIGINAL 
TRANSFORMED 
. KELSALL 

0.173 

0.186 

0.084 

0. 880 
G. 912 
0. 896 

F5V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.392 
0.399 
0.40 8 

0. 194 
0.195 
0.187 

A3II1 

ORIGINAL 
TRANSF OR MED 
KELSALL 

1.30 1 
1.27 3 
1.275 

0* 158 
0. 163 
0.166 

FSIB 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.824 

0.317 

0.862 

0.345 
0.336 
0. 365 

A2I A 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.958 
0.946 
0 .90 8 

-0.005 

0.G23 

0.018 

F5V 

ORIGINAL 

TRANSFORMED 

KELSALL 

0.406 
0*413 
0.40 2 

0. 196 
0.197 
0.211 

A3 IB 

OR IG2NAL 

TRANSFORMED 

KELSALL 

1.294 

1.266 

1.288 

0.044 

0.G64 

0.059 


210221 



TABLE B*2 


(CONTINUED) 



SPECTRAL 

STATE OF 



HO 

TYPE 

THE DATA 

(Cl > 

(Ml) 

211336 

EOT V 

ORIGINAL 

0«768 

Q. 216 



TRANSFORMED ' 

0*76 3 

0.215 



KELSALL 

0.729 

0. 228 

212943 

KOI IT 

ORIGINAL 

0.322 

0. 507 



TRANSFORMED 

0.331 

0.498 



KELSALL 

0.37 2 

0.495 

217014 

G5V 

ORIGINAL 

0.308 

0.284 



TRANSF OR MED 

0.317 

0.278 



KELSALL 

0.341 

C. 285 



APPENDIX C 


COEFFICIENTS OF THE SUPERCOLOES 


We give here the coefficients for the supercolor expansions as 
they ■were used in Chapter VII. The LogT^- super color is a simple quartic 

in [g] — 

LogT^-supercolor = 5.812 - 1.021i-[g1 + 0.5973Cg]^ + 19-82rG]^ - 66.67 [g]^, 

I 

The form of the super color is given in Eq. (5~l)* coefficients 

of the various terms in the expansion are listed in Table C.l. 
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TABLE C#1 



THE MV-SUPERCQLOR COEFFICIENTS FOR 

the various (G) 

REGIONS. 





RANGES 

IN (G) 


' 


-0«06 

0.03 

0.05 

0. 10 

0.17 

0.27 


TO 

TO 

TO 

TO 

TO 

TO 

THE' TER'4 

0.03 

0.05 

o 

• 

o 

0.17 

0.27 

0.30 

1*^ 

48. 544 

73. 167 

99.720 

39.131 

-58.784 

16.364 

(cn 

-41.279 

196.14 

-191.97 

-66.904 

171,97 

237.28 

<M1 ) 

-49.856 

-547. 80 

261.39 

-1.5944 

-125.86 

179.28 

<G) 

-5*3417 

2220.6 

-770.13 

47.952 

668.52 

-497.84 

(IM) 

-117. 12 

.r4S5.03 

-391.94 

-1 17.82 

72.125 

-.1 23.52 

( Cl) *^2 

6.0328 

41.535 

-61.474 

0.1357 

-68.885 

-238.77 

(ClXMl) 

38.875 

838.79 

-614. 72 

210.60 

357.48 

121.82 

(C1)(G) 

-106. 40 

-1295. 4 

547.72 

-388.63 

-1229.6 

-616.34 

(Cl MN) 

24. 484 

-1223.7 

1046.5 

23.059 

-216.55 

-167.98 

{ Ml )**2 

-342.08 

-1597. 1 

-327.76 

-361.74 

72.439 

-44.310 

(MIXG) 

879.86 

1 1291 . 

-616.03 

I045o 1 

i 

1 ,5574 

-159.57 

(Ml) <N) 

555.30 

1586. 5 

’ 542.70 

212.41 

-100.47 

-100.46 

( G)**2 

-755.49 

-14400. 

3425. 4 

-1385.2 

-883.73 

824. 24 

( GXN ) 

-606. 93 

-10231. 

855.83 

212.98 

-24,561 

362*45 


-89.422 

1405.4 

-342*04 

-31.594 

22.614 

94.076 
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